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1 Introduction

The Department of Energy (DOE) has supported computatiof@structure for the study of
lattice quantum chromodynamics (lattice QCD) for the lases years. It has funded the develop-
ment of software through two grants from the Scientific Dissgy Through Advanced Computing
(SciDAC) Program, the acquisition of clusters optimizedtfee study of lattice QCD through the
first of the SciDAC grants (SciDAC |) and the current Lattic€Q Computing Project (LQCD),
and the construction of the specially designed QCDOC coenpglitough a stand alone grant. The
operation of the clusters and the QCDOC is supported thraw@@D. The software produced
under the SciDAC grants is publicly available, and the haméws open, on a peer reviewed basis,
to all members of the USQCD Collaboration, which consisteesrly all of the high energy and
nuclear physicists in the United States involved in the micaéstudy of lattice QCD. The DOE
funded infrastructure has enabled major progress in ttiy sitilattice QCD, and helped to bring
the field to a point where it is now providing accurate deteations of a wide range of quantities
of importance to experimental programs in high energy arudiean physics.

The current SciDAC grant (SciDAC Il), which funds softwarevdlopment, runs through March
14,2011, whereas LQCD, which funds the acquisition andaijmar of hardware, ends on Septem-
ber 30, 2009. The committee of scientists that reviewed LQCDe spring of 2007 stated in its
report that The resources provided through the LQCD project are cruitathe US lattice QCD
community to stay internationally competitive. This wéhrain true beyond the final year of
the LQCD project, 2009, and the committee believes that arease in computational resources
beyond 2009 should be strongly encouraged, building on titeess of the 2006—2009 LQCD
project’” We agree, and in this proposal we set out a plan for the attiquisand operation of
dedicated hardware for the study of lattice QCD for the figealrs 2010-2014.

In Section2 of this document we set out our scientific objectives for teequ 2010-2014, and

indicate the potential impact of achieving them on DOE’seskpental programs in high energy
and nuclear physics. Work will focus on precision tests ef 8tandard Model and determination
of its fundamental parameters; the study of strongly irtieng matter under extreme conditions
of temperature and density; the calculation of the massésinial structure and interactions of
strongly interacting particles; and the exploration obstyly coupled field theories that go beyond
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the Standard Model. In Secti@we describe the computational resources needed from the DOE
to achieve our scientific goals. They consist of a roughlyaéguixture of cycles on the DOE’s
leadership class computers and on less capable, but stitnhd dedicated hardware. The pur-
pose of this proposal is to obtain the funds to acquire andabpé¢he dedicated hardware, which
we plan to locate at the three laboratories that have holseld@CD hardware: Brookhaven Na-
tional Laboratory (BNL), Fermi National Accelerator Labtwry (FNAL), and Thomas Jefferson
National Accelerator Facility (TINAF). We request $2.01$2,010,000) per year for hardware
acquisition, and an operations budget that starts at $1i63d10 and rises to $1.68M in 2014. In
Section4 we discuss the role of the USQCD Collaboration, and explarprocesses by which it
sets scientific priorities and allocates computationadueses. We also describe the international
collaborations in which members of USQCD are engaged, tharghof large data sets through
the International Lattice Data Grid (ILDG), and the softev@reated under our SciDAC grants.
In Section5 we discuss the role of the participating laboratories, an8ection6 we set out the
proposed management structure for LQCD-ext

2 Scientific Objectives

The objective of LQCD-ext is to achieve the DOE Office of Scia 2009 strategic milestone
to “Use computer simulations to calculate strong interactibasveen particles so precisely that
theoretical uncertainties no longer limit our understangliof these interactions.” The level of
accuracy needed to achieve this milestone has been ach@vadimited number of quantities,
and tools have been developed to do so for a wide variety @rstprovided the computational
resources requested in this proposal are available. InSthition we describe the four major
areas on which work under LQCD-ext will focus, and discuss rilationship of this work to
experimental programs in high energy and nuclear phydicsAs discussed in SectioA.1, a
process is in place for ordering scientific priorities andedting USQCD resources on a yearly
basis. Detailed priorities and computational approachesexiolve over time, as new experimental
results and calculation methods appear; however, we fuibeet that the broad goals and the
estimates of the resources needed to achieve them will moigeh

2.1 Fundamental Parameters from Future Lattice Calculations

One of the central aims of calculations using lattice QCIide@termine the underlying parame-
ters of the Standard Model (SM) by stripping away the effettde strong interactions. Lattice
calculations aim to provide accurate determinations ofjerk masses, the strong coupling con-
stantas, and the values of the weak transition couplings betweemkguai.e. the elements of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Particylaakciting is the possibility of deter-
mining different, inconsistent values of the CKM matrixralents from different decay processes.
This would indicate a breakdown in the Standard Model and tha need for new physics. This
approach is complementary to the direct discovery seatchas undertaken at the Large Hadron
Collider at CERN (LHC). Furthermore, if new physics is foutften the constraints from rare SM
processes, many of which require lattice QCD calculation,be needed, together with LHC
results, to work out the details.



The last five years has seen very significant progress in theel@CD calculations needed to
determine the SM parameters. Accurate calculations of rqaaptities are now possible, with all
errors controlled. This has allowed extensive validatibthe method by comparing lattice and
experimental result[ 3, 4], including several successful predictio®$.[Crucial to this success
has been the creation, by the USQCD collaboration, of anneligeof gauge configurations gen-
erated including the full quantum measure. These “unquesiictonfigurations include the effects
of light quark loops, with a series of values for the lattipasing &) and the light quark masseés.
This ensemble allows one to do controlled chiral and contimextrapolations. The importance
of using unquenched configurations, and the present lewala@fation, is shown in Figl. The
agreement of all unquenched lattice results having peiegat accuracy with experiment gives
us confidence in both heavy and light quark methodologies.
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Figure 1:Ratio of accurately determined lattice results (for sdechlgold plated” quantities) to those from exper-
iment. Left panel uses quenched and right panel unquenéhed (lavor) lattice calculations. The overall scale is
determined in both cases from th€1P) — Y(1S) splitting, while quark masses are fixed fram, mg, my/, and the

Y spectrum. From Ref§].

These calculations also give controlled determinations@tjuark masses ang (the latter shown

in Fig. 1, compared to results from matching high-energy experismnperturbative QCD). Al-
though the methodology is different for light and heavy ¢sait turns out that present errors in
both are comparable, and of size 7-104, 9.2 Quark masses are not only of interest as funda-
mental parameters of the SM, but also are required as inptatgredictions of rare decays. For
examplem. is needed to predict the SM contributionko— mvv (and thus constrain the contri-
butions of new physics) while/my is needed as input into predictions from the Soft-Colinear
effective theory for non-leptonic B decays. Thus we intemdytstematically reduce the errors in
these masses, and expect percent-level control by the éhd bfQCD-ext.

Calculations to date are in the isospin symmetric limjt= my = my, but have the strange quark mass, at (or
close to) its physical value. The simulated valuespére larger than the physical average light quark mass, hgera
down tom,/ms = 1/10, which approaches the physical ratiooll/27.

2In detail: my = 2.0(2) MeV, my = 4.6(3) MeV, ms = 90(7) MeV, mc = 1.22(9) GeV andmy, = 4.4(3) GeV.



Quantity CKM present present 2009 2014 error from
element expt. error lattice error lattice error latticeoerr non-lattice method
fk /T Vus 0.3% 0.9% 0.5% 0.3% —
fkn(0) Vus 0.4% 0.5% 0.3% 0.2% 1% (ChPT)
D — TV Ved 3% 11% 6% 4% -
D—KWN Ve 1% 11% 5% 2% 5%\( scatt.)
B — D*/v Veb 1.8% 2.4% 1.6% 0.8% < 2% (Incl.b—c)
B — v Vub 3.2% 14% 10% 4% 10% (Incb — u)

Table 1:Present status and future prospects for lattice calcuigitichich directly determine elements of the CKM
matrix. All errors are quoted for the CKM elements themsglvEstimates are from the contributions of Juettner,
Laiho, Lith, Shipsey, and van de Water to R&f][ and from Ref. L1]. The last column, if present, shows the present
error attainable on the CKM element using competing, ndticapproaches.

The work of the last five years has set the stage for fully et calculations of the more com-
plicated matrix elements needed to determine or constriid €lements. Indeed, for the sim-
plest such quantities—single-particle matrix element®Iwing vector and axial currents—first
ungquenched results are already available. By calcula&mgi-teptonic form factors (and also
fk / fn), one can determine all CKM elements which do not involvette quark, as shown in
Table1.® These results represent a major milestone for the field. tit@less, comparing the third
and fourth columns one sees that errors from lattice sinamaexceed those from experiment for
all quantities. Lattice errors are also not yet competitwth those from other methods fuks and
Vub-

An important goal of our future program is to reduce thesgckaerrors so that, ultimately, they
are smaller than the experimental errbr3he table gives estimates of what should be possible
in LQCD (2009 error) and a fully funded LQCD-ext (2014 errok)e see that LQCD will not
attain the desired goal, whereas LQCD-ext will approacluit#ag lattice errors comparable to, or
smaller than, experimental errors for most of the quastitihe precision attainable with LQCD-
ext is important for several reasons. First, it will allow chumore stringent tests of the unitarity
of the CKM matrix. For example, using the present latiigefrom fx / fr, one has

Vud| + s ? + [Vup|? = 0.99775)(12)(0) (1)

where the errors are respectively from those/ig, Vus andVyp. While this is consistent with
unitarity, reducing the lattice error by a factor of 3, whigh estimate to be possible in LQCD-ext,
would provide a significantly more stringent test. Accur@teM elements are also crucial for
using several rare SM decays to constrain new physics. Fongbe, the SM rate foK — Tvv
decays is proportional tvg{). Finally, precision lattice results will allow one to deténe the
significance of the present marginal disagreement betWggedetermined from exclusivB — 1t
decays (using lattice input) and from incluslye- u decays (using HQET).

The remaining elements of the CKM matrix involve the top guand are thus accessible only
through second-order weak processes involving top quanisloThese processes are particularly

3Vq is not included, since its determination using the latfigand thert— pv decay rate is not competitive with
that from nucleaP—decays. The lattice result fdy is used instead as a validation, as shown in Eig.

4Experimental errors will themselves be reduced for moshe$¢ quantities, providing even stronger motivation
for improved lattice calculations.



interesting since the contributions of new physics can neasgly appear above the “background”
of the small SM rate, assuming that the latter can be cakdlatcurately. Furthermore, in three
examples—By — By andBs — Bs mixing, and CP violation itk — K mixing—accurate experimental
results are available and precision lattice results arsiples The lattice must provide matrix ele-
ments of four-fermion operators, which are more challeggjvan those of currents just discussed,
so that results lag somewhat behind. Unquenched resultdyaa@ingle lattice spacing are avail-
able to date, but results with all errors controlled showadbnounced in 2008. The present status
and future prospects are collected in Takle

Hadronic UT result Lattice errors | Lattice errors| Lattice errors
Matrix Element current current 2009 2014
I§K 0.784+0.09 0.774+0.05 4+0.025 4+0.01

fs,1/ B, 261+ 6 MeV | 282421 MeV | +10 MeV +5 MeV
g 1.25+0.06 | 1.23+0.06 +0.02 +0.01

Table 2: Status of and prospects for lattice calculations of matgrents which play a key role in the determination
of CKM matrix elements. UT results from ReflZ] are explained in the text. Present estimates are from [RESp.

(Bk), [14] (fss1/Bgs), and [L5 (& = fs,+/Bs/(fzv/Bg)). Future error estimates are taken from the estimates of
Juettner and Gamiz to Refl(] and from Ref. [L1].

Reducing errors to the expected 2-4% level by the end of LQ@Dbe/a major milestone. To test
reliability we will obtain results from at least two diffavemethods in each case, e.g. with domain
wall fermions (DWF) and mixed DWF/staggered fermions Bar, and with bottom quarks dis-
cretized using both the Fermilab formalism and NRQCD. Mottersive ensembles, with smaller
a andm, and larger volumes, will also be needed. Our plans for thesembles are described
below.

The importance of obtaining precision lattice results heeshincreased by the enormous progress
in measuring B-meson properties in the last five years. Aateuesults for CP-violation in several
decays has allowed a determination of CKM elements, and riticpkar the “unitarity triangle”
(UT), with little input from hadronic physics (and with nati@e input). The resulting constraints
on the Wolfenstein parametepsandn are shown in the left panel of Fig. Lattice results for
the matrix elements in TabRallow an independent determinationmfindn, based on different
experiments, with the present status shown in the rightlpahlee SM requires that these two
constraints must be consistent—as they are at present.misguhis consistency, i.e. that the
SM is correct, one can turn the results in the left panel ipi@dictions” of the hadronic matrix
elements. These are given in the “UT results” column of Table

In the next 5-7 years, the errors in these UT results areyliteeldecrease substantially, mainly
due to improved determinations of the CKM elements of Tdb(dased on both experimental
and lattice improvements). The net result is that errorhérhatrix elements of Tabl2 at the
1-2% level will be needed to keep pace. We estimate that suwohsewill be attainable by the
end of LQCD-ext. This will require the use of new methods—ipenturbative matching for all
guantities, and possibly discretized HQET. Our goal is tost@in the SM at the 1% level in a
sector where new physics is most likely to appear.
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Figure 2:Present constraints gnandn from the UT analysis (left panel) and from matrix elemen®Iaing lattice
QCD input (right panel). Contours of 68% and 95% probabdity shown, together with the 95% probability regions
from individual constraints. From Reflg].

In addition to the matrix elements of Tablésand 2, there are many others that the lattice can
calculate. For the sake of brevity we simply list some imaotrtexamples—for more details see
Ref. [11]. Several quantities will provide further validatiorip, fp,, charmonium spectroscopy,
spectroscopy of excite® and B mesonsc andb baryon spectroscopy, hyperon semi-leptonic
decays. Other quantities provide further tests of the §M:/T")g,, B — K¢¢~ form factors.
Finally, there are matrix elements of operators which appeaeyond the SM (BSM) theories
but which are absent in the SM. These are thus needed to awngte parameters of particular
BSM theories, so as to ensure that they are consistent wighS& processes such as meson-
antimeson mixing. Examples include- B, D — D andK — K mixing amplitudes from non-SM
four-fermion operators, proton decay matrix elements adtdmic contributions tg— 2. For all
these quantities the calculations are of a similar levelifficdlty to those described above, and
thus precision results should be attainable. The desirecigion depends on the accuracy of the
corresponding experimental results. We expect to contislyadd new quantities to our repertoire
so that those listed above, and others, will be availablenguwQCD-ext.

Thus far we have described the impact that LQCD-ext can maigely by extending existing
methods. We now turn to calculations that LQCD-ext will wllthat are not possible otherwise.
These involve either two particle states (or resonancedpanuark disconnected diagrams. The
former require larger volumes than studied to date=(5— 6 fm as opposed to.2 — 3fm) as
well as using finite volume corrections in an essential wale Tatter require new techniques
for noise reduction. There has been much effort devotedariatiice community to developing
the necessary methods, and we are confident that LQCD-eballeilv substantial progress. We
are unable, however, to provide the precise error estingates above as there are no available
calculations from which to extrapolate.

One of the most important challenges faced by lattice QCl,amajor focus of this proposal,
is the calculation from first principles of direct CP violati in two-pion decay of the neutral



kaon. This is described by the ratiy/s = (16.5+ 2.6) x 10~4, which was measured at both
CERN [16] and Fermilab 17]. Because the kaon mass lies below the four-pion threshaldlze
strong interactions conser@parity (preventing mixing between two and three pion s)afeste
volume methods18] in principle permit the direct calculation of the relevatt— tut decays.
However, such calculations have not been possible to dagndhe large volumes which are
required,L ~ 6fm.

In addition, much can be learned about these processesalsmagperturbation theory. At leading
order, one need only calculate the more tract&ble> mandK — 0 amplitudes, although these
involve quark disconnected loops. Following the proofoficiple quenched studies using DWF,
an unquenched calculation using this approach is under8lylf is expected that these calcula-
tions, to be completed in 2008, will be limited by the largelation of chiral symmetry that occurs
for masses as large a and will yield errors on the order of 30%. Over the next cowgilgears,
this work will be extended to the furut vertex to provide additional constraints on the chiral
perturbation theory descriptio2(), 21, 22)].

The larger volumes and smaller masses targeted by this gabpall permit further refinement
of the study ofK — totamplitudes using chiral perturbation theory. What is muarerimpor-
tant, however, is that these larger volumes and smallekquasses will permit direct calculation
of K — mutdecay amplitudes as matrix elements between the kaon stateraper, energy con-
serving two-pion final states. Earlier calculatio2§][demonstrate that with these volumes and
quark masses calculations of the= 3/2 amplitudes should be possible with errors well below
10%. The more importaril = 1/2 are much more difficult due to operator mixing and quark-
disconnected contributions. However, errors on the ordl@086 may be possible using either
twisted boundary condition24] or non-zero center of mass momentu2d][ Considerable effort
will be invested in advance of 2010 to prepare for this opputy.

Other quantities that can be calculated on large volumearagitudes involving resonances. Of
particular interest for constraining the SM &e- K*y, B — p/v andB — p// form factors.

Once calculations involving disconnected quarks are ptesghere are many additional quantities
of interest. A patrtial list is the nucleon matrix elementsqgf which control the sensitivity of
some dark-matter detectoB— n¢v form factors, the neutron electric dipole moment, glueball
gg mixing, and lifetime ratios for bottom hadrons.

We close this section with a description of possible ensesmti configurations. For the quantities
for which we are aiming for percent-level or smaller premmsiour main challenge is to reduce the
systematic errors from the continuum, chiral and infiniteuaze extrapolations, as well as from
matching of continuum and lattice operators. Thus, on theerical side, we need to reduce the
lattice spacing and the minimal light-quark mass, whilediaj the volume large enough that finite
volume errors are smaller than our desired precision. litiaddwe need large enough ensembles
that statistical errors are smaller than those from sysiemaFinally, we need to improve the
matching calculations— from one-loop to either two-loopon-perturbative matching.

Our present work concerning fundamental parameters ugee$agenerated with both improved
staggered fermions and DWF, and we assume here that we wtihce with this combination.
We stress, however, that the choice of fermion action willbeided by the collaboration through
the mechanism described in Sectid, based on its estimate of the optimal approach to obtaining
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timely physics results. Our simulations with staggeredhiens use a rooted determinant to deal
with the effects of the additional fermion varieties ("&s?) that are intrinsic to this formulation.
Previous studies have shown that many quantities of irtteessbe calculated to high accuracy
with this approachd, 3, 4, 7].

We now give examples of what will be possible given the corapomal power we would obtain
with the proposed LQCD-ext resources together with esechame on leadership class machines.
We expect that the generation of configurations and somerglemagrpose propagators will be
done on the leadership-class machines, while the calounlafi most of the propagators together
with the analysis will be done on USQCD dedicated hardware. elpect a ratio of about 1:1
for these two components. Thus it is not unreasonable tfaTHOp-Years 6] will be available
for configuration generation for flavor physics in LQCD-eiven our expectation that we can
roughly double our resources by sharing configurations kelearchers in other countries, we give
an example of lattices that will require about 400 Tflop-$eiartotal. We note that all estimates
are for sustained performancz.

a(fm) my/mg Size mg(MeV) L (fm) Lmg MCtraj. TF-Yrs
0.09 0.075 48 96 200 4.3 4.4 5000 0.5
0.06 0.10-0.4 72x144 230 43 5.0 5000 7.1
0.06 0.075 723x144 200 4.3 4.4 6000 4.3
0.06 0.050 72x144 163 4.3 3.6 6000 7.0
0.06 TOTAL 18.4
0.045 0.15-0.4 96x192 282 4.3 6.2 5000 18.9
0.045 0.1 98 x 192 230 4.3 5.0 6000 135
0.045 0.075 98x 192 200 4.3 4.4 6000 19.1
0.045 0.05 98 x 192 163 4.3 3.6 6000 32.1
0.045 TOTAL 83.6

Table 3: CPU requirements in Tflop-Years (TF-Yrs) for possible fatumquenched configurations with HISQ
fermions. “MC traj.” gives the lengths of the runs in molesutlynamics trajectories. These lengths are chosen
so that statistical errors should be sub-dominant for qtiesof interest. The firsh = 0.06 fm row gives the total
Tflop-Years for ensembles with this lattice spacing amdms = 0.1, 0.15, 0.2 and 0.4. The valuesmof andL mpi

is this row are fom /ms = 0.1. Similarly, the firsta = 0.045 fm row gives the total TF-Yrs for ensembles with
m/ms = 0.15, 0.2 and 0.4. The values of; andL myi is this row are form /ms = 0.15. All estimates are for two
degenerate light quarks of massand a strange quark at its physical mass.

We expect that ensembles generated with staggered fermitbnse the “highly improved stag-
gered quark” or HISQ actior2B]. This reduces discretization errors by a factor of 2—3 carag

to the second-generation “Asqtad” action which we curgenle. By the end of LQCD we will
have completed a substantial ensemble with Asqtad se&sjeas 0.15,0.12 0.09,0.06 fm with
my/ms down to Q1 andLmy; > 3.5. This ensemble is the basis for many of the 2009 estimates
given above. We also expect within LQCD to produce a HISQ mhée of similar size to the
present MILC ensemble, with= 0.15,0.12 0.09fm,m;/ms > 0.1 andL my; > 3.6. This will take
about 1.3 Tflop-Years in total, and will allow us to validatéstaction and optimize our generation
codes. We note that running at= 0.09fm with the HISQ action leads to similar discretization
effects to running ak = 0.06fm with the asqgtad action. A possible plan for HISQ runnimg
LQCD-ext is presented in TabB We aim to push two further steps downwards in lattice sgacin
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a(fm) my/ms Size m(GeV) L (fm) Lmy; MCtraj. TF-Yrs
0.086 0.150 48x64x 16 276 41 5.8 6000 7
0.086 0.093 48x64x16 217 41 45 2400 3
0.086 TOTAL 10
0.125 0.134 3%x64x24 250 40 51 4000 2
0.125 0.102 3%x64x24 218 40 4.4 4000 2
0.125 0.102 48x64x24 218 6.0 6.6 4500 9
0.125 0.071 48x96x24 181 6.0 55 4500 18
0.125 0.039 48x96x24 135 6.0 4.1 6000 34
0.125 TOTAL 65
0.094 0.102 6%x96x24 218 6.0 6.6 6700 65
0.094 0.071 64x96x24 181 6.0 55 7000 78
0.094 0.039 64x96x24 135 6.0 4.1 7600 115
0.094 TOTAL 258

Table 4:CPU requirements for possible future unquenched ensemsileg DWF. Lattices are five dimensional, with

the last entry in the "size” being the length of the fifth dirsm. An improved action will be used for the simulations
ata=0.125 and 0094 fm, as discussed in the text. We estimate the (at presknbwn) extra computational cost of

simulating with the improved action by increasing the fiftmdnsion by 50%.

(each roughly halving?), and to halvem,. We choose the same volume for all lattices because we
expect to perform partially quenched calculating usingstime valence quark masses on each of
them (running down tan,/ms =~ 0.05), and thus wish to maintain small finite volume errors from
pions composed of valence quarks.

Our tentative proposal for DWF, shown in Taldleaddresses two goals. The firstis to complete the
set of lattice ensembles begun in 2005 wath 0.11 and 0086 fm and the Iwasaki gauge action.
The plan is to extend the collection of ensembles being edeahder LQCD by increasing the
statistics for the smallest light quark mass ensemble anadidyng a larger volume ensemble at
the next-to-lightest quark mass. We anticipate compldtirgggoal in 2010.

Our second goal is to move rapidly toward physical light guaasses and correspondingly larger
physical volumes. This allows us to use the advantage of DW&e€ chiral symmetry—to its full
extent. In order to reach substantially lighter quark masge must decrease the residual quark
mass resulting from the small chiral symmetry breaking thadresent for DWF when the fifth
dimension L) is finite. This will be achieved using an improved actiorkély a combination

of using a twisted-mass Wilson determinant ra29,[30] [with non-zero imaginary mass in the
numerator so that topology is sampled ergodically], or Meglbermions B1], or both). We aim

to reduce the residual mass t&/®MeV (compared to 5 and 1 MeV on present coarse and fine
lattices, respectively), so that physical quark massesbeareached with the contribution from
residual chiral symmetry breaking being 30% or less.

Once we change to an improved action the discretizatiomeam@ altered, and there is no advan-
tage to continuing with the present lattice spacingédl@nd 0086fm). Thus we propose to use
two somewhat coarser ones1R5 and 0094 fm, as shown in the table. This allows us to reach the
large volumes and small quark masses required for the stugly-e rotdecays within LQCD-ext.



Our tentative plan is to first undertake the simpler coarse¢acalculations for a sequence of light
guark masses running down to the physical value. This wdlidtireate the chiral extrapolation
error and represent a watershed for lattice QCD calculatiofhe volumes are chosen to keep
L my; > 4. We would then repeat the calculations at the finer latfieeimg, maintaining the same
physical volume and the quark masses, so as to determingéefdattice spacing artifacts.

T A ]
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Figure 3:Phase diagram of strongly interacting matter.

2.2 QCD at Nonzero Temperature and Density

Under extreme conditions of high temperature or high barwamber density, strongly interacting
matter is expected to have a rich phase structure as indigatég. 3. Characterizing and quan-
tifying the drastic changes in the interaction among eldargmarticles that go along with such

phase changes requires a vigorous experimental prograom@enied by large scale numerical
calculation.

Over the next decade high performance computing resourileeach the petaflops scale. Cou-
pled with current and planned experiments at the Relativideavy lon Collider (RHIC), the
European heavy ion facility (FAIR), and the Large Hadronlidel (LHC), these computational
resources will offer significant opportunities for the adeament of our understanding of the prop-
erties of strongly interacting matter at high temperatares densities.

Lattice quantum chromodynamics is our only sourcaloinitio information about the properties
of strongly interacting matter at or near thermal equilibtiand at or near zero baryon number
density. Phenomenological models, e.g. hydrodynamidsnexoeyond equilibrium and provide
the bridge between lattice QCD and the experimental regifiels lattice QCD simulations en-

large our understanding of the properties of matter at hegiperatures and constrain and validate
the phenomenological models.
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In the following sections we identify four key computatibmeiojects requiring approximately
100 Tflop-Years 26] each that promise significant quantitative and qualigagigins in our knowl-
edge of (1) the equation of state at zero and nonzero de(Bjtplasma structure and transport
properties, and (3) the phase diagram of QCD at zero and rmdeasity.

We estimate the computational cost of each project in theesilons below. The estimates are
summarized in TablB. A brief explanation of some of the simulation parameteis rder. The
simulation temperature is determined fr@nthe lattice spacing, and;, the extent of the lattice
in the Euclidean time direction, according To= 1/(N;a). Thus at any given temperature, the
approach to the continuum requires a lariyer
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Figure 4:Results for the EoS based on recent calculations with ingetstaggered quarks. On the left we show the
difference of energy density and three times the pres82e[], which is sometimes called the interaction measure.
It summarizes our current knowledge of the EoS at low and teégiperature at vanishing chemical potential. On the
right we compare the ratio of pressum (o energy densitye at zero baryon number and at nonzero baryon number
along curves of fixed entrop) per quark (or baryon)Ng = Nqy/3) [34]. Here the temperature is given in units of the
crossover temperatui@.

2.2.1 Quark-gluon plasma equation of state

In the hydrodynamic modeling of the expansion of dense mateated in a heavy ion collision,
an accurate determination of the equation of state and scaged thermal quantities, namely,
energy and entropy density, pressure, and the velocitywidaare of central importance.

Lattice methods for determining the equation of state (E8)well developed, but numerically
intensive. Figurd illustrates our present knowledge of the continuum EoSirites with statistical
errors of order 15% and probably comparable systematicser8tatistical errors can be decreased
with longer runs. The principle sources of systematic esrerlattice artifacts that decrease with
decreasing lattice spacing.

The most successful formulation of lattice quarks for QCBremodynamics, staggered quarks,
has extra quark species that give rise to “taste” multipp¢tsiesons, including pions. Although
we can compensate through standard methods for the additiegrees of freedom, at the coarse
lattice spacing of current simulations a pion gas is not etely simulated. When the lightest
pion has the correct experimental mass, the other pion epétithe taste multiplet are heavier.
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The possible consequences for the equation of state at tatapes slightly below the crossover
are not well understood.

The promising, but considerably more computationally egpee DWF formulation of lattice
guarks, has the correct number of mesons from the start, daitalrelated lattice artifact, the
“residual quark mass”, that gives the pion an unwanted exhdit effective mass. This artifact can
also be systematically and indefinitely reduced, but ah&rrtomputational expense.

There are two ways to reduce lattice artifacts: reduce ttiiedaspacinga and improve the ac-
tion. No matter the quark formulation, the computationateif an equation of state study grows
roughly asa—*! with quark masses fixed in physical units. Thus the greathsireces over the
past decade have come from improvements in the action tatedattice artifacts. Obviously,
this is the approach we embrace. In particular, the lattceraunity has developed increasingly
improved formulations of staggered quarks that reduce dtiaaily the splitting of the taste mul-
tiplets. The most successful to date is the highly improwadgered quark (HISQ) actio3%|.
Compared with the extensively studied “asqtad” action HI&Q action reduces taste splitting in
the pion multiplet by over a factor of two at an additional gartational cost of only 30 - 40%. We
are currently evaluating the suitability of this action tme in thermodynamic studies.

We plan a calculation of the equation of state with a latticeeret of N; = 12 for temperatures
up to two times the transition temperature. The lattice syggin the transition region is approx-
imately 0.09 fm. Lattice artifacts would be reduced by mdw@nthalf from present simulations,
allowing substantial reductions in the error in the exttapon to zero lattice spacing. The bulk
thermodynamic quantities of the equation of state are realized by subtracting their values at
zero temperature. Thus the determination of the equati@taté requires a series of simulations
at different temperatures (lattice size4812) together with a series of matched zero-temperature
simulations (lattice size 43 at the same lattice parameters. We estimate the compaatiost of

the project to be 110 Tflop-Years.

2.2.2 Domain Wall Fermion cross check

The domain wall formulation does not have the spectraldatitifacts of staggered quarks. How-
ever, it is far more computationally expensive. The quadityts chiral behavior is measured by
the “residual quark mass” parameter. K¢ = 10 in the transition region, we know from other
tests that this quantity is small enough to assure good @amitthe residual mass. Our goal is to
check the determination of the crossover temperalyend the strength of the peak in the chiral
susceptibility. We intend to perform a calculation at foemperatures in this critical region on a
48% x 10 x Ls lattice with the fifth-dimensionl.s = 96. A calculation at twice the physical light
quark mass would be sufficient for a comparison with stagbguark calculations and will allow
us to judge systematic effects that may arise in thermodiymsimdies through violations of chiral
symmetry. We estimate the computational cost of the progeloe 80 Tflop-Years.

2.2.3 Equation of state at nonzero density

Heavy ion collisions occur in a baryon-rich environmentandas lattice simulations are naturally
suited for zero baryon densitye. zero baryon chemical potential. For technical reasonstire
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simulation at nonzero density and appropriately largeciattolume is extremely difficult. To
reach a small, nonzero baryon number density, one constifuetTaylor series expansion in the
chemical potential36]. The coefficients of the series are evaluated in a standardlaion at
zero chemical potential. This method is effective for tHatreely low baryon number densities of
heavy ion collisions. As more terms in the Taylor are calmdait becomes possible to push to
higher chemical potential. The state of the art of such d¢afmns is given in Fig4 (right).

Upcoming low energy runs at RHIC will achieve higher bary@msity. Present determinations
lose statistical significance beyond sixth order in the dagkries. Knowing higher terms allows
us to extend predictions to higher baryon density. We prejosalculation of the equation of state
at nonzero density by means of a determination of Tayloeseefficients up to eighth order.

The calculation reuses the lattices generated in the eguafi state study. It involves a large
set of inversions of the fermion matrix with different ramaestarting vectors. The number of
random vectors needed to reach comparable statistical ierdifferent ordersN of the Taylor
expansion grows exponentialiye. roughly as &. Moreover, the computational effort per set of
random vectors increases approximately &'1The overall computational effort thus rises like
6N. Extrapolating in this way from present calculations, wineste the cost of this project to be
80 Tflop-Years.

2.2.4 Plasma Structure and Transport Properties

Deconfinement implies the dissolution of hadrons into tleemstituents. Thus, one would ex-
pect that an experimental signal for deconfinement in heawmycbollisions is the disappearance
of the charmonium and bottomonium peaks in dilepton pradoctLattice simulations and the
analysis of experimental measurements suggest, howeathadronic matter is strongly inter-
acting at temperatures well abo¥g Consequently quarkonium production is suppressed to a
degree that depends on temperature. Except for some etquiosdudies with dynamical stag-
gered quarks37] quarkonium spectroscopy at high temperature so far has ¢b@ee in quenched
lattice calculations38, 39]. As the calculation of heavy quark correlation functioasomputa-
tionally not very demanding, their analysis in QCD with ligjluarks will naturally be a part of the
studies of transport properties in the light quark sectactvive describe in the next paragraph, at
almost no extra cost. However, it still is important to coatplthe current studies in the quenched
approximation through investigations of the momentum ddpace of quarkonium suppression,
which requires large spatial lattice size in order to reash-pero momenta that are smaller than
the temperature. We estimate the cost of this project to BEIap-Years.

A major puzzle from RHIC experiments is the large degree déctvity, i.e. large elliptic flow.

If this happens because the system is thermalized to a ggod>amation, the degree of quarko-
nium suppression should provide an estimate of the temypera®o far, relatively little is known
about quarkonium properties at nonzero temperature; ftirerdattice information is crucial. If
the system is locally thermalized, it should have a very lbwas viscosityj.e very small mean
free path to produce the observed flow. On the other hand,ulkeviscosity is expected to rise
dramatically in the vicinity of the QCD transition. This Wile even more relevant in the vicinity of
a second order transition point, as it might exist at nom-gemnsity. The bulk viscosity is expected
to diverge at a second order transition point.
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Figure 5: The ratio of bulk viscosity and entropy density determineaif QCD sum rules using lattice results on
the QCD equation of state as inpddj.

While the analysis of heavy quark properties requires theutation of hadron correlation func-
tions, one needs to analyze correlation functions of theggne@omentum tensor to extract vis-
cosities 0, 41]. We show in Fig5 a recent estimate of the bulk viscosity based on latticeissud
of the trace anomaly (energy density minus three times tbgspire) in QCD on lattices with tem-
poral extentN; = 6 and phenomenological input from QCD sum rulég][ We plan to overcome
the latter approximation through direct studies of cotrefafunctions of the energy momentum
tensor of QCD on the lattice. So far this has only been don8{HB) gauge theoried]]. We plan

to perform calculations with light dynamical quarks onitss of size 48x N; with N; = 12, 16

at several values of the temperature in the transition regie for T ~ (1— 1.5)T.. As chiral
symmetry is not a major concern for these studies, they caeliermed within a staggered quark
discretization scheme, and can partly utilize configuretigenerated for the study of the equation
of state orN; = 12 lattices. We estimate the cost for this project to be 100pFtears.

2.2.5 The phase diagram of strongly interacting matter

Lattice calculations currently provide the ordp initio, quantitative method for determining the
phase diagram of strongly interacting matter. Fighildustrates our present understanding at zero
baryon number density (vanishing quark chemical potentifihe extension of this diagram to
nonzero baryon density is largely unexplored. Whereasrataensity the transition from the con-
fined regime to the plasma regime is most likely a smooth orassit may happen that at nonzero
density we encounter a genuine phase transition with diaroabsequences for heavy ion colli-
sions and the structure of dense stars. Confirming the existef a second order phase transition
point at nonzero density and subsequently determiningaistion accurately can only be achieved
through demanding numerical calculations. ExperimenRBHIC and FAIR are under considera-
tion that would search for this critical point. Quantitaipredictions from lattice calculations are
needed.

The question we will address is whether the critical line mphysical quark masses in Fif.

moves outward toward physical quark masses as the chenoigadtfal is increased. This question
was addressed by de Forcrand and Philipg@hljy introducing an imaginary chemical potential.
We propose, instead, to reach nonzero chemical poteniiad @asTaylor expansion. The calcu-
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lation must be done at several carefully selected lightkuaaisses. We estimate the cost of the
calculation to be 100 Tflop-Years.

2.2.6 Conclusion

The advent of petaflops-scale computing promises dramaitis ¢n our understanding of the prop-
erties of strongly interacting matter at high temperataned densities. We have described a pro-
gram of lattice calculations that will (1) allow us to deténm the equation of state of strongly
interacting matter to an accuracy of 5%, (2) advance our nstaieding of the structure of the
guark-gluon plasma, (3) determine some key transport cusftis, and (4) locate the critical sur-
face of the QCD phase diagram at zero baryon density andgbriéslicurvature as the baryon
density is increased. The first goal will provide essensialid input for hydrodynamical model-
ing of heavy ion collisions; the second will contribute ta amnderstanding of the survivability of
hadrons at high temperature; the third and most ambitioas gmuld very well give us the first
reliable lattice result for a transport coefficient of theaditgluon plasma; and the fourth could
represent a potential breakthrough by moving us from a @@izié to a quantitative understanding
of the phase diagram.

We have described a series of projects that can be tacklédregburces of approximately 500

Tflop-Years. We place highest priority on the equation ofestéand the determination of transport
coefficients.
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Project Lattice T values| Quark | MC traj. | TF-Yrs
Masses

EoS:u=0,T < 2T, 483 x 12 10 2 100,000, 110
EoS:u=0,T < 2T, 48" 10 2 25,000

EoS DWF:u=0,T~ T, 48% x 10x 96 4 1 50,000 | 80
EoS:u> 0T < 0.95T 8th order 32 x8 3-4 1 50,000 | 80
phase boundany > 0 38x6 4 5 10,000 | 100
spectral function, quenched 1283 x N, 7 1 10,000 20
transport, dynamical 483 x N 7 1 10,000 | 100

Table 5: CPU requirements in Tflop-Years for the thermodyanmicseutsj discussed in the text. Cost estimates
are based on current experienc&iat= 6 and 8. The computational effort is assumed to scale withedsmng lattice
spacing ag~ 1! with quark masses fixed in physical units. Simulations lathgl= 0 are at zero quark number density.
Simulations labeled > 0 imply a Taylor expansion in chemical potential to reachlsmanzero densities. Tempera-
ture ranges are expressed in term3@ftthe relevant crossover temperature. The parameter “MC in@asures the
size of the statistical sample needed. The lattice dimerfsiothe domain wall fermion simulations (DWF) includes
the “fifth dimension”Ls parameter.

2.3 The Spectrum, Structure, and Interactions of Hadrons

Understanding how the structure, spectroscopy, and ttters of hadrons emerge from QCD is
one of the central challenges of contemporary nuclear phy$Vith recent investment in USQCD
computer resources, advances in lattice field theory, agatithmic developments, lattice QCD
has entered a new era in whiab initio calculations of hadron structure observables can be com-
pared directly with experiment. Hence, lattice QCD has neadme an essential tool for nuclear
physics, and with the necessary resources, it is poisedve Im&jor impact on contemporary
experiments and on our fundamental understanding of hadrocture.

One central goal in hadron structure is precision calcuhatif fundamental experimental quantities
characterizing the nucleon. These include form factorsi§peg the distribution of charge and
current and how constituents interact to recoil togethdrigth momentum transfer, moments of
parton densities, helicity, and transversity distribngas a function of momentum fraction, and the
moments of generalized parton distributions (GPD’s). Tdlelwdations of all of these are specified
as DOE Nuclear Physics 2014 milestones in Hadronic PhyBiB3 [43]. These first principles
calculations will have direct impact on key experimentalidiestones at TINAF and RHIC-spin,
including measuring the spin carried by glue in the protod axtracting accurate information
on generalized parton distributions, determining EM ardtebweak form factors and measuring
flavor-identifiedq and q contributions to the proton spin. Another goal is obtainingjght into
how QCD works: How does the spin of the nucleon arise from #ilecity and orbital angular
momentum of quarks and of gluons? What is the fundamentahamem for confinement and
what is the role of diquarks and instantons in hadrons? Haoeg ékadron structure change as one
varies parameters that cannot be varied experimentalt asl the number of colors, the number
of flavors, the quark mass, or the gauge group? Finally, oneegploit lattice QCD to provide
information complementary to experiment. For example,rtttanents of GPD’s calculated on
the lattice and the convolutions of GPD’s measured experiatly can be combined to constrain
GPD’s far more effectively than either experiment or l1&t%@CD could separately.
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Figure 7: The left panel shows chiral extrapolation of the nucleonestor charge radius, compared with experi-
ment. The right panel shows the connected diagram corititmiof the spin of the up and down quark&“?, and of
the orbital angular momentum of the up and down qudrks, to the total spin of the nucleon. The spin contributions
are consistent with recent HERMES measurements (solig)stad although the total orbital contribution is small, the
u andd contributions are large and interestingly different framggle quark models.

A detailed knowledge of the meson and baryon spectra fromgdiisciples will distill the key
degrees of freedom needed to describe the bound states tifeibiy. The complete combined
analysis of available experimental data on the photoprioaluof nucleon resonances and the mea-
surement of the electromagnetic properties of the lowgyiaryons are both HP milestones. The
so-called hybrid mesons, a new form of excited state in whiditations of the gluon field play an
explicit structural role, would be especially interestiagd the GlueX Collaboration proposal to
seek information about exotic mesons is a flagship comparfehe 12 GeV upgrade at TINAF.
These intense experimental efforts have spurred a commagasffort to predict and understand
the hadron spectrum from first principles using lattice QCD.

A grand challenge for strong interaction physics is to be édkigorously compute the properties
and interactions of nuclei. The many decades of theoresigdl experimental investigations in
nuclear physics have, in many instances, provided a vermigg@@henomenology of the strong
interactions in the non-perturbative regime. Howeverhest point we have little understanding of
much of this phenomenology in terms of QCD. Acquiring thislerstanding is at the core of the
HP milestone relating to a microscopic understanding dftliquclei, and the amalgam of lattice
QCD and effective theories will be essential to its achiesein

2.3.1 Accomplishments

During the past five years, USQCD theorists have calculatebad range of nucleon observ-
ables in full QCD for a range of quark masses down to the chégiime, where the pion mass
is as low as 350 MeV and chiral perturbation theory enabléspalation to the physical pion
mass. The first calculations with Wilson fermions were retdd to pions above 500 MeV and
introduced the methodology for calculating the lowestéhreoments of quark, spin, and transver-
sity distributions #4], electromagnetic and generalized form factors corredpanto the lowest
three moments of generalized parton distributiets 46], and transition form factors between the
nucleon and Delta to explore the role of deformatidi 48].
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An important step toward the chiral regime with light quarkas taken by introducing a hybrid
action combining computationally economical staggeredgserk configurations generated by the
MILC collaboration and domain wall valence quarks that hiatce chiral symmetry. Nucleon
observables were calculated at five pion masses down to 350vité a lattice spacing o&a =
0.125 fm. Volumes of (2.5 frf)and (3.5 fm§ were used at the lightest mass, and observables were
extrapolated to the chiral limit using chiral perturbattbeory @9, 50, 51, 52].

One salient accomplishment was calculating the nucleaad aRarge, governing neutrghdecay,

to a precision of 6.8% and in agreement with experimég [Another significant result was cal-
culation of the isovector electromagnetic form factor, asghown in Fig7, the isovector charge
radius calculated from the slope of the form factor extrapolates via chiral perturbation theory
close to the experimental valugd. These hybrid action calculations also provide a first gk

of the origin of the nucleon spin in the chiral regime. The tctwtion of the spin of an up or
down quarkq to the total spin of the nucleon is given by the zeroth moménhe spin depen-
dent structure functioéAZOI = %<1>Aq and by the Ji sum rulebH], the contribution of the quark

orbital angular momentum is given bl = 3 (A;(0) + BJ,(0)) — 3A39. The dominant connected
diagram contributions to these matrix eleme®d jare shown in the right panel of Fig, where
one observes that the chiral extrapolation of the spin dmuttons extrapolate to the experimen-
tal HERMES results and the orbital contributions are sdpbraubstantial and of the opposite
sign from that given by the Dirac equation in a central pagntAdditional accomplishments
include calculation of the vector and axial transition fdiamntors for the nucleon to Delta transi-
tion [55, 56, 57], yielding non-zero electric and Coulomb form factors gy deformation, and
use of partially quenched calculations to determine théraetproton mass differencé§).

Recently, more computationally expensive dynamical domall hadron structure calculations
are also entering the chiral regime. The axial charge antdrfimnents of the quark and spin
distributions have been calculated with two flavors for piassed down to 490 Me\&69, 60,
and first results for vector and axial form factors, the terdwarge, and the first moments of
the quark and spin distributions have been reported for 2avbif at four masses from 330 to
670 MeV [61].

In spectroscopy, correlation matrix techniques offer agrdw means for determining the excita-
tions of the theory, successfully demonstrated in the detextion of the pure-gauge Yang-Mills
glueball spectrum@?2, 63]. The technique requires a basis of operators respectegytmmetries
of the lattice. Such a basis for baryon states has been gmeef@4, 65|, and their efficacy demon-
strated in the quenched approximation to Q@®@B, [67], illustrated in Fig.8. In the meson sector,
important progress has been made at identifying the spistates in the approach to the continuum
limit, and applying this method to resonance spectrum inrobaium [68]. The first calculation
of the transition form factors between the lowest-lyingrohanium states was performed, show-
ing good agreement both with QCD-inspired models, and wifeemental measuremeni®d],
and the two-photon decay rate was compufd, [laying the ground for future studies of mesons
composed of light/d) and strange quarks.

The foundation of the successes at studying the nature diatieon-hadron interaction was the
realization that lattice computations in the foreseeabtaré could be used to derive rigorous
results for nuclear physics, opening up a new avenue focéatbmputations that are at the core
of this proposalT1].
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Figure 8:The left-hand panel shows the currently known spectrum feaperiment, plotted according to the cubic
symmetries allowed by the lattice; black denotes four-states, blue denotes three-star states, tan denotesawo-st
states, and gray denotes a one-star state. The right-haed gfeows the nucleon spectrum in quenched QCD with
my ~ 700 MeV from Ref. 6], where even at this unphysically large pion mass, one obseathe emergence of
patterns seen in the experimental spectrum.

Meson-meson scattering lengths were calculated with domall fermions onNs = 2+ 1 dy-
namical MILC sea configurations with pion masses dowmjo~ 290 MeV [72, 73], obtaining
the results shown in Figur@ The first prediction of thé&t scattering lengths in both isospin
channels was made possible by combining the lattice QCiledion in thel = 3/2 channel with
chiral perturbation theory, the result of which is also showFigure9.

The first studies of nucleon-nucleon scattering with fuljyramical lattice QCD were performety].
Although the pion masses employed were too large to uniquealgh to low-energy effective the-
ory, the calculation demonstrated the power of the methbi;iwwe will exploit in this proposal.
In addition, the first calculations of hyperon-nucleon rattions were performed¥], in which it
was shown that the scattering phase-shifts for elasticggs®s, such a& —, of importance for the
nuclear equation of state at high densities can be extracted

2.3.2 Future opportunities

Using the methodology and algorithms already developedestéd in calculations entering the
chiral regime, the proposed new computational resourckemable precision calculation of wide
range of isovector operators that can be evaluated witheztiad diagrams, including electroweak
form factors, moments of structure functions, generalipech factors corresponding to moments
of generalized parton distributions, and transition foewtérs, ultimately reducing the combina-
tion of systematic and statistical errors to the level ofvapercent. Future calculations will utilize
dynamical domain wall fermions, which will reduce systeimatror and enable calculations far
closer to the chiral limit. Between now and 2010, configuanasi will be generated with lattice
spacing 0.086 fm at pion masses 330, 276, and 194 MeV anddafiumes (2.7 fnd)and (4.1
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Figure 9: Meson-meson scattering lengths. The left-hand panel sharisus determinations of the= 2t scat-
tering lengths; the red bar denotes the lattice computatiétef. [73]. The right panel shows the prediction for the
Krtscattering lengths at the physical pion ma&g).[

fm)3. As shown in Tablet, calculations from 2010 to 2014 will focus on two objectiv@ge first

is to complete calculations with the same action at four emsgath the high statistics required
for precision calculations. The second is to utilize altjoric improvements in a new action that
will enable calculations down to the physical pion mass wittre accurate enforcement of chiral
symmetry and larger volumes. Note that for baryon obseeslihe amount of computer time
required to analyze a configuration is of the order of halftitme required to generate it.

In addition, the proposed resources will also enable ckaaiaulations on new, presently inacces-
sible observables. To calculate flavor-singlet matrix elets, in addition to the connected contri-
butions, it is necessary to calculate disconnected cautinibs, which are typically several orders
of magnitude more computationally expensive. Current ldgreent of eigenmode expansions
and stochastic source techniques will enable calculatidtawor singlet form factors, moments
of quark distributions, and generalized form factors, ¢bgraddressing the full range of experi-
mental nucleon observables including strangeness catitits. Building on the successful use
of an improved gluon operator to calculate the gluon coatiim to the pion momentun¥[/], the
contribution of gluons to the nucleon mass, momentum andlanghomentum, along with the as-
sociated mixing of gluon and flavor singlet operators, wélldalculated. Additional opportunities
that may be accessible include operator mixing of higher eramof structure functions and gen-
eralized form factors, higher twist operators, the neugiactric dipole moment, and differences
between moments of structure functions of a free neutros @livee proton and a deuteron.

In spectroscopy, the resources requested in this propakanable USQCD to capitalize on the
achievements cited above to perform a program of compuiatiwat will provide insight into the
resonance structure of QCD, and be crucial for achievindXt®&’s investment in experimental
resources.

The anisotropic Clover lattices tabulated in Tablare designed to enable high-precision investi-

gations of the resonance spectrum. Lattices are generatied @olumes to enable the single- and
multi-hadron states to be delineated, at two lattice sggcia enable the approach to the contin-
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a(fm) m;/ms Sizee mg(MeV) L(fm) Lmy; MCtraj. TF-Yrs
0.10 0.096 48x128 220 48 53 10000 5.0
0.10 0.065 48x 128 180 4.8 4.3 10000 5.6
0.10 0.065 6#x 128 180 6.4 5.8 10000 16.5
0.10 0.036 64x 128 135 6.4 4.3 10000 20.5
0.10 0.036 8®x 128 135 8.0 5.4 10000 47.3
0.10 TOTAL 94.9
0.08 0.096 48x 128 220 3.8 4.2 10000 6.7
0.08 0.096 58&x 128 220 4.5 4.9 10000 11.9
0.08 0.065 58&x 128 180 4.5 4.0 10000 13.5
0.08 0.065 72x128 180 5.8 5.2 10000 34.6
0.08 TOTAL 66.7

Table 6:CPU requirements in Tflop-Years (TF-Yr£4] for possible future configurations with anisotropic Clove
quarks. “MC traj.” gives the lengths of the runs in molecugnamics trajectories. These lengths are chosen so that
statistical errors should be sub-dominant for quantitfésterest. All estimates are for two degenerate light gaark
massm and a strange quark at its physical mass.

uum limit to be explored, and at decreasing values of the piass. In addition to the resources
devoted to gauge-configuration generation, we will expledent progress in applying stochastic
methods for the computation of “all-to-all” propagators], enabling many correlation-function
measurements to be performed on each computation, andrtputation of correlation functions
for multi-hadron states. We estimate the computational abthese measurements to be similar
to those for gauge generation with the relative cost desrgad decreasing pion mass.

In the first stage of this work, we will investigate the speotron volumes to 4 fm, at a lattice
spacinga = 0.1 fm and at pion masses down to 220 MeV. This will yield the foatulations in
the light-quark regime of the spectrum of exotic meson nass®d the first predictions of the
hybrid photocouplings to conventional mesons, providiitiglvnput into the GlueX experimental
program. This regime will see the emergence of resonangag, dbove two-particle decay chan-
nels into which they can, in the continuum, decay. Thus, or@ag decay widths on the lattice
will be an essential component of the program, and can bedmaalished using the volume de-
pendence of the energy9]. The efficacy of this method has been demonstrated recenthe
computation of the width of thp mass 80]. The computation of the low-lying baryon resonance
spectrum, including their decay widths, will confront theerimental analysis to yield insights
into the degrees of freedom of QCD.

By the end of the third year of the project, ensembles willehbeen generated enabling com-
putations of the spectrum at two lattice spacings, at twaiwals and at pion masses down to
180 MeV. Thus the spectrum of baryons and mesons in the eamtidimit will be known, and
the transition form factors for many of these states willdme accessible. At the culmination
of the proposal, the first lattices at the physical value eflight-quark masses will be available,
enabling the achievement of the goal of lattice computatadrithe spectrum for direct comparison
with experiment.
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The program to understand the hadron-hadron interactiposes the same requirements as that
to extract the spectrum and hadron structure, notably,liligyeto resolve the spectral eigenvalues
with high precision, the need for computations at severiimes to extract the scattering lengths,
and the matching of the calculations to the chiral effectieory to describe interactions at the
physical quark masses. The development of efficient sttichasvers for the quark propagators
will be especially beneficial, enabling multi-hadron ssaie be investigated.

Computations on the anisotropic lattices at volumes of 4 ffich gion masses down to 220 MeV
will enable high-precision calculations of ther, KitandKK scattering amplitudes, and provide
predictions that can confront the upcoming experimenterd@nations. Exploiting the lattices at
pion masses down to 180 MeV will enable us to determine théepanenucleon scattering lengths
within the range of convergence of effective field theoryhwsufficient precision to enable an
extrapolation to the physical pion mass.

Beyond the benchmark calculations discussed above, thertwymucleon interaction iterra
incognita It has important astrophysical implications, in partasumpacting the late time evolu-
tion of supernova. Thus, hypernuclear experimental pragrare gaining increasing prominence.
Furthermore, the hyperon-nucleon interactions probesdditianal aspect of the nuclear force,
the role of valence strange quarks in the force between hadréhus, these resources will en-
able an important new avenue for lattice QCD to work in conegth a vigorous experimental
hypernuclear program.

2.4 Lattice Gauge Theory for Physics Beyond the Standard Moel

The first experiments at the Large Hadron Collider (LHC) witlon begin to probe physics at
the TeV scale, attempting to unravel the dynamics of eleaeak symmetry breaking and flavor
physics. They are very likely to reveal new non-perturleaphysics beyond the QCD sector of
the Standard Model. Non-perturbative investigations tifda field theory will play a crucial role

in understanding the theoretical options and the expetiahsignatures. Theorists have proposed
a wide variety of possible scenarios involving new gaugetiles in the TeV region. These, for
convenience, may be placed in three broad categories: &tMbdel Higgs, SUSY (e.g. Minimal
Supersymmetric Standard Model or MSSM), and new strongmjeg(e.g. new confining gauge
theories such as technicolor). Some lattice field theorgietuhave been initiated in all these
categories, but, as in the case of QCD, a serious effortmegjgubstantial computational resources
to carry out full scale simulations that include fermionshe chiral regime. Fortunately, the LHC
era coincides with the arrival of multi-teraflop/s compstand highly improved algorithms. It is
time to vigorously pursue lattice gauge theories for TeVgatsybeyond the Standard Model.

2.4.1 Higgs dynamics in the Standard Model

One scenario is the discovery of the Standard Model Higgeeat HC in a fairly narrow mass
range with little hint of its origin and without other new fiales. This is often thought of as
the least exciting option; however, this completion of thenBlard Model spectrum raises serious
issues in itself. First is the question of what is actuallyamteby the Standard Model in practice
and its expected mass range.
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A precise, if somewhat narrow, definition of the Standard Baahly allows the well-known renor-
malizable operators in the Lagrangian. This descriptigueiriurbation theory ignores the intrinsic
cutoff correctly included in the triviality scenario of thiggs coupling 81, 82]. If the cutoff is

at the Planck scale, the renormalizable Lagrangian is thiciogoe sufficient for all practical pur-
poses, and the cutoff only comes into play in setting uppdrlawer bounds on the mass of the
Higgs particle. The Higgs mass might fit into a narrow banchie1 140-180 GeV range, hinting
at a cutoff not far from the Planck scale. However, a Higgssvsgnificantly outside this range
could signal the presence of nonrenormalizable operatotisel effective Standard Model Higgs
Lagrangian with low cutoff. For unexpected Higgs mass v&hmv operators are needed because
a low mass Higgs can trigger an instability due to its larg&a¥ua coupling to the top quark,
whereas a large mass Higgs implies some new non-pertuelatiysics. Both features invoke the
presence of higher dimensional nonrenormalizable operatothe TeV scale, but with constraints
from electroweak precision data.

The Standard Model, notwithstanding all its successesjldliben be viewed as an effective field
theory with a cutoff much lower than the Planck scale, cdasiswith new physics in the TeV
mass scale, perhaps within the reach of the LHC. To resobsetissues and to explore the options
for non-perturbative effects in the TeV range it is essémbigxplore the Higgs-Top and Higgs-
Top-QCD system in the TeV range non-perturbatively. Lattitiggs simulations have been an
important on going project for more than a decagik 82, 83] but only with the advent of Terascale
computing and the application of chiral fermions can oneamepcoupled Higgs-Top dynamics

properly B4].
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Figure 10: The lowest Higgs mass is plotted as a function of the lattioenentum cutoff for three different values
of the Top mass. All simulation data are converted to physinds using v= 246 GeV for the vacuum expectation
value of the Higgs field.

Some preliminary results are displayed in Hi§for the Higgs mass lower bound in full dynamical
Monte Carlo simulation of the Higgs-Top sector with overfapmions in the limit of vanishing
Higgs self-coupling at the cutoff scal84]. It will be important to explore the Higgs-Top phase
diagram for negative Higgs self-coupling on the cutoff saahile dimension six operators provide
the stability.
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A new generation of simulations will be required with incsed resources to obtain phenomeno-
logically important results with the lattice artifacts wndull control. To stay close to the critical
line of spontaneous symmetry breaking will require the vmciexpectation value of the Higgs
field to be around 0.2 in lattice spacing units, which coroesfs to a lattice momentum cutoff of
approximately 3 TeV. To explore Higgs masses in the 100 GE0tbGeV range will drive down
the Higgs mass to the 0.1 range, which requires spatiatéstivith 40 or 50 links. To explore the
heavy Higgs particle scenario will be similarly demandihgaddition, accurate Higgs physics re-
quires a much larger number of lattice configurations themifenic measurements in lattice QCD.
The representative lattices in Taldlare given for a Higgs mass sequencé/fpf = 0.15,0.10,0.08
with the linear box sizé& about 5 times the Higgs correlation length.

2.4.2 Supersymmetric field theories

A second scenario involves the discovery of supersymmattyitg attendant zoo of new particles.
A prime focus of initial work on lattice supersymmetric thies will be Al = 1 super Yang-Mills.

It is perhaps the simplest example of a supersymmetric yreaaat constitutes an important part of
the minimal supersymmetric extension to the Standard Model

This theory is predicted to have a discr&igchiral symmetry which has been suggested to break
spontaneously t@,. First generation numerical simulations of the dynamibabty have already
been performed using domain wall fermio®]. The breaking of th& (1)r symmetry down to

Z, is indeed observed. The presence of fractional topologitailge on a toroidal lattice was also
observed in the quenched theory using the overlap methodselktudies demonstrate that the
lattice can in fact explore the difficult non-perturbativeegtions regarding this theory.

The next steps fon¢ = 1 super Yang-Mills are to determine in detail the pattert)¢t)r sym-
metry breaking, give accurate masses of the low lying spectind study mixing of the pseu-
doscalar glueball and the eta prime meson. All of these sskaee been studied theoretically on
the basis of various conjectures and approximation scherm@s\\ = 1 super Yang-Mills, there
are no Nambu-Goldstone bosons; so the box kizdould be larger that the lightest mass scale
L > o(1/my). The main effort is to make the gluino mass as light as possiliiile taking the
continuum limit B5] and controlling finite volume effects. The cost shown in [€bis for the

SU(3) gauge group. For other numbers of coldgsthe cost should scale @sNg — 1)/8) 1> An
improved quantitative understanding of this theory is trst fitep toward a better understanding of
super-QCD and similar theories. If the LHC reveals eviddoc@ew strong dynamics at the elec-
troweak scale it is important to understand whether thaadyos corresponds to a supersymmetric
gauge theory.

A much larger range of SUSY theories are beginning to be densd on the basis of elegant
lattice constructions using ideas drawn from orbifoldingiring theory and the twisting procedure
used in constructing topological field theori®&§[87, 88]. These formulations retain a degree of
exact supersymmetry and the hope is that this will dramifiticaduce the amount of fine tuning
required to obtain the correct continuum limit. They leadstwprising lattice geometries such
as that illustrated in Figll, where the fermionic partners are scattered on the latticeanner
reminiscent of staggered fermions, but with no unphysiegrdes of freedom. Initial Monte Carlo
simulations of these models have already yielded intergston-perturbative information on the
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vacuum structure and can be used to probe issues of spoutssigoersymmetry breaking9].
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Figure 11:0n the left is the lattice for supersymmetric Yang Millsdr= 2 with Q = 16 supercharges. On the right
is lattice for supersymmetric Yang Mills ith = 3 with @ = 8 supercharges. Thg are bosons, while the other fields
are one-component fermions

These theories are also very interesting from a string thpoint of view. They are thought
to correspond to ten-dimensional string theories via a sdtialities that generalize the original
AdS/CFT correspondence of Maldacena. This is an area whtieel simulations could play an
important role in casting light on the non-perturbative gghatructure of string theories. Initial
work is already allowing us to probe black hole thermodyr@mising simulations of thermal
Yang-Mills systems9Q]. We anticipate extending these lattice studies to the méstesting case
of A = 4 super Yang-Mills in four dimensions within the time framfetlois proposal. Code for
simulating this theory is already under development.

2.4.3 New strong dynamics

A third scenario is the discovery of a new strong dynamicsefectroweak symmetry breaking,
which could provide an ideal application for lattice fieletny. In this case the Higgs phenomena
may well be most cleanly described as a composite arisingnewnastrongly coupled gauge field
theory, such as that proposed in technicolor, Higgslessetspdnd extra-dimensional (Randall-
Sundrum) models. Other strong coupling methods, usuallyated by the AAS/CFT conjecture,
can give only qualitative results, so lattice field theorfers the onlyab initio non-perturbative
method for making quantitative predictions.

In technicolor models, only two flavors are needed to prothéeGoldstone modes for the massive
electroweak longitudinal vectors via the Higgs mechanisacthnimeson resonances also occur in
these models with experimental signatures that may mingieliggs boson of the Standard Model.
To address the flavor problem and provide masses for Staiizatdl fermions, technicolor has to
be “extended” with additional techniflavors and new intémats with Standard Model fermions.
However, precision electroweak constraints severelyt lid number of additional technifermion
flavors unless their mass scale is pushed into the multi-EeMge, well above the typical elec-
troweak scale of minimal technicolor. The conjectured na@e$m that allows light electroweak
bosons and additional multi-TeV fermions to coexist whilading electroweak constraints is for
the additional heavy fermions to slow down the “running” gawcoupling, leading to so-called
“walking” evolution in the infrared (IR). Indeed it has beknown for a long time that sufficient
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numbersNs, of flavors leads to a Banks-Zaks conformal fixed po#il] [in the IR, so that the
Yang-Mills theory no longer confines or breaks chiral synmydeading to a so called the non-
Abelian Coulomb phase or conformal window. The goal of a ¥wal” theory is to be just below
the minimum number of flavors required to enter the conforpielse. To determine the mini-
mum number and to understand the dynamics below this pdngldy non-perturbative problem.
Recently, a lattice studydp] using the Schrodinger functional approach for 4-pletstafjgered
fermions, indicates that the transition to conformal bébrafor SU(3) Yang-Mills requires be-
tween 8 and 12 fundamental massless flavors, as illustnateig.il12.
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Figure 12: Comparison for the running coupling from step scalingNigr= 8 on the left andNs = 12 on the right
indicating the critical number of flavors for the formatiofitlee conformal window lies in this interval.

The next step in this project is to accurately determine thgeeof the conformal window with
domain wall fermions and to perform lattice calculationsolaethe critical number of flavors to
search for signals of walking dynamics. For example in Tabla series of lattices are proposed
for Ny = 8,9,10,11 holding fixed the lightest non-Nambu-Goldstone bosonsraay < 1. Itis
also possible that “walking” may not occur in SU(3) Yang-Mlivith fermions in the fundamental
representation or that the required number of fermions tsappropriate phenomenologically.
Since “walking” may occur in Yang-Mills theories with ferams in higher representations of the
gauge group, it is natural to explore these as well. Therensesvidenced3] that near conformal
behavior might occur already fd\; = 2 flavors for fermions in thé or 8 representations of SU(3).

In studying theories close to a conformal fixed point one rbesaware of the danger of enhanced
finite volume effects. This calls for a series of lattices afigus volumes and numbers of flavors
approaching the conformal edge to study and even to expieifihite size effects in measuring
physical parameters. The goal of this project is to undedstivor dependence of the spectra,
particularly the vectop and axial-vectom; mesons, the chiral condensate and the analoig.of
The spectrum of vector and axial-vector mesons are eskegfiadients for the study of precision
electroweak constraints. These studies will reveal if fiassible to avoid conflict with precision
electroweak experiments and still be able to build model& HC events.

Finally the nature of the conformal theory associated withRafixed point P1] appears interesting
in its own right. While Seiberg duality provides considdeatietail concerning the conformal phase
in supersymmetric QCD, essentially nothing is know aborgrgily coupled conformal theories
without supersymmetry. Indeed, as noted recerfi],[the experimental possibility of such a
conformal sector has not been ruled out.
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2.4.4 Computational resources

Here we give some examples of the lattices needed to pursieetiearch. The specific choice
of lattices for these relatively unexplored physics topied change in response to experience
gained year by year and with the discoveries at the LHC. Iregdrall three scenarios described
above will rely on chiral (Domain Wall or overlap) fermionstiva variety of fermionic degrees of
freedom, and extrapolations to the chiral limit. Estimatethese computational requirements are
based on experience with similar 2+1 flavor QCD lattices agachmarks for both multi-flavor
QCD anda’ = 1 super Yang-Mills, using codes built on the SciDAC API forgsage passing.
The cost scales roughly & and asd(R)1® whered(R) is the dimension of the representation.
To simplify Table7, we have only listed the largest, most computationally espe lattices.
However, due to the exploratory nature of this researcls, éixpected that this project will make
good use of smaller lattices in its early stages. We estithatehese smaller lattices will account
for an additional cost of less than 50%.

Ny any Size amy Lmy “MCtraj)” TF-Yrs
HIGGS 0.001 39x32x32 0.167 4 10000 0.66
SUSY 0.001 24x24x32 0.167 4 5000 0.66

Nf =8,9,10,11 0.0075 x64x24 0.25 6 4x< 5000 2.32
TOTAL 3.64
HIGGS 0.00075 48x48x32 0.125 4 10000 2.11
SUSY 0.00075 3%x32x32 0.125 4 5000 2.11

Nf =8,9,10,11 0.005 32>« 64x24u 0.25 8 4x 5000 6.80
TOTAL 11.0
HIGGS 0.0005 63x64x32 0.125 6 10000 23.7
SUSY 0.0005 48x48x32 0.125 6 5000 23.7

Nf =8,9,10,11 0.0035 48<96x32 0.25 8 4x 5000 66.0
TOTAL 113.4

Table 7:Representative lattice ensembles for the Top-Higgs dycswith one fundamental fermion), far = 1
SUSY (with one adjoint fermion) and for SU(3) Strong dynasniwith Ns = 8,9,10, 11 fundamental fermions).

Finally we emphasize that, in contrast with QCD, the lackxqfeximental data for these theories
makes distinguishing lattice artifacts and continuum fmtémhs more challenging and substan-
tially raises the standards for obtaining convincing ressior this reason, we have recommended
beginning with models that are for the most part close vésiahQCD, enabling comparison with
QCD to bring confidence to the methodology. Also, this malegss from a model building per-
spective as a way to test the “conventional wisdom” regardive behavior of non-perturbative
QCD-like theories as the gauge or matter content is varidigiwis often based on simple scal-
ing assumptions. Validating or modifying these non-pdrdtive heuristics will have a substantial
impact on comparing these models with LHC data.

However these conservative priorities could change driaaitin the future. For example new al-
gorithms are being developed for operators that coupleiszteshnected” or vacuum diagrangs]
that, for example, allow the strangeness content of thesondo be measured, which is the ma-
jor uncertainty in determining the possibilities for deten of the dark matter candidate in the
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MSSMI96] at the LHC. Disconnected diagrams are even more importastudying the SUSY
spectrum. Other examples of theoretical challenges iec{djl the “sign problem” encountered
not only at finite chemical potential but also in extendedssgpmmetry, (2) spectral studies of un-
stable particles, be they the rho or the Higgs and (3) theesgmtation of chiral gauge theories on
the lattice P7], which is perhaps the most important problem for undeditama non-perturbative
treatment of the Standard Model and beyond. Work is in pssgi@address all of these challenges.
The exploratory use of lattice techniques for quantum fileé&bty may yield new unexpected sur-
prises and insights, potentially leading to the developrmépowerful new methods, along with a
deeper insight into the special properties of non-pertivbdield theory.

3 Hardware Requirements

To reach the scientific objectives set out in Sec2anill require both access to the DOE'’s leader-
ship class computers and the acquisition of computers destido the study of QCD. The purpose
of this proposal is to obtain funds to acquire and operatécdestl machines. We have applied
separately for access to the DOE’s leadership class comspthie Cray XT4 and its successors at
Oak Ridge National Laboratory (ORNL), and the IBM BlueGéhat Argonne National Labora-
tory (ANL), through the DOE’s Incite Program. Because thisredose coupling between the work
to be done on the two types of computers, we describe our fdabhsth here.

Lattice QCD calculations proceed in two steps. In the firg parforms Monte Carlo calculations
to generate gauge configurations with a probability propoal to their weight in the Feynman
path integrals that define QCD. These configurations aredt@nd in the second step they are
used to calculate a wide variety of physical quantities. 3&me configurations are often used to
study problems in high energy physics and in nuclear phy§losfiguration generation is the most
computationally intensive part of our work, and in most sdgmits the rate of progress. Since it
involves a Markov chain, it must be carried out in a small nemdif streams. The generation of
gauge configurations with small enough lattice spacingscuaik masses to reach the levels of
accuracy discussed in Sectidmequires computers that enable one to apply very large nisbe
processors to individual calculations. The same is truéefcalculation of propagators for light
mass quarks. These two types of calculations are theresedone on leadership class com-
puters. On the other hand, dedicated computers, such atutiiers acquired during LQCD, are
the appropriate platforms for those aspects of our workrégaiire large computational resources,
but do not require that the full power of a leadership classmater be applied to individual jobs.
Much, but not all, of the physics analysis performed on stg@uge configurations falls into this
category. Although the total number of floating point operst used in the analysis of a given
ensemble of gauge configurations ordinarily equals or edcdee number needed to generate the
ensemble, individual analysis jobs are typically sma#ad can be run efficiently on fewer proces-
sors than configuration generation jobs. The analyses f&frdift configurations are independent
of each other, so they can be run in parallel. Other aspeactgrafiork that are best suited for ded-
icated computers are the study of high temperature QCD,ghergtion of less challenging gauge
configurations, the development of new algorithms, new tdations of QCD on the lattice, and
other exploratory studies. Such work plays a very importalg in our research, requires large
computational resources, but does not require the capabitif leadership class machines.
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Figure 13: The aggregate core hours used per month on the @@DMputer at BNL as a function
of the number of processor cores employed in the jobs. Carestaye normalized to those of 6n,
an Infiniband cluster with a sustained performance of 1.0@8&lper core.

The history of our field indicates that at least as much is egiby advances in algorithms as
by advances in hardware technology, and we expect this tcecontinue. Indeed, in the last few
years the introduction of the Rational Hybrid Monte Carl®i(®C) algorithm P8] has reduced the
number of floating point operations needed to generate gaugfegurations with light quarks by
factors of four to eight compared to algorithms in use a fearg@ago. The gauge configurations
we expect to generate during the course of LQCD-ext couldoeoproduced by the proposed
resources in any reasonable amount of time without the RHMQrighm. We are confident that
our continued work on algorithms will significantly enharag productivity, extending the range
of science we will be able to do. For example, members of US@€&Dcurrently investigating a
variety of approaches to accelerating the calculation afkjpropagators, which have the potential
to greatly enhance both configuration generation and pssialysis. Work of this type requires
significant computational resources, but is not appropfiatleadership class machines.

We believe that we will do the most science by using the coemguhat are best suited for each
phase of our work. Moreover, we cannot simply transfer athaf calculations to the leadership
class machines because the 2008 Incite Call for Proposad#isplly states thatApplicants must
also present evidence that they can make effective use ofa frection of the processors of
the high performance computing systems offered for aliondt This is certainly the case for
configuration generation and the calculation of light quandpagators, but it is not true for much
of our physics analysis or our exploratory studies. A fewrgeao, the bulk of the floating point
operations in any lattice QCD calculation went into the gatien of gauge configurations, but
that is no longer so. In the 2007 USQCD allocation process, foojects that received allocations
were deemed appropriate for leadership class computeey.rébeived approximately 40% of the
available resources. On the other hand, twenty-five prajedtich received 60% of the available
resources, were considered appropriate for dedicated wiensp The latter projects were critical
for achieving our scientific goals.

Figure 13 shows the core hours used per month on the QCDOC computerlatd&\a function
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Figure 14: The aggregate core hours used per month on therdu FNAL (left panel) and at
TJINAF (right panel), as a function of the number of processwes employed in the jobs. Core
hours are normalized to those of 6n, an Infiniband clusteh wisustained performance of 1.07
Gflop/s per core.

of the number of processor cores employed. Figurshows the same quantity for the clusters at
FNAL and TINAF. These results are monthly averages for 200&.core hours are normalized to
those of 6n, an Infiniband cluster acquired by TINAF in 20@6abk a sustained performance of
1.07 Gflop/s per core. Here and throughout this proposdippeance is measured as the average
of that sustained by the sparse matrix inversion routinesdmputing the quark propagators for
the Domain Wall and Improved Staggered (Asqtad) quark astimder production conditions.
These routines consume a significant fraction of the flogtimigt operations in our calculations,
and are representative of the overall performance of oues.othe bulk of the jobs on the QCDOC
were for configuration generation or the calculation of gyaopagators, and the 1024 core jobs
at FNAL were for configuration generation. We expect that 0¢@such jobs will be transferred
to leadership class machines. The remaining jobs on the FMALTINAF clusters are for physics
analysis, as well as for algorithm development and otheloeaory projects. They will certainly
grow in size over time, but are unlikely to reach a size thatilvavarrant moving them to lead-
ership class computers. This data is one indication of thonance of dedicated computers the
moderate-sized jobs required for our physics program.

We are convinced that the trend towards using an ever grpaiportion of computing resources
on physics analysis will continue. There are several reafamthis shift. As the capabilities of
leadership class computers increase, it will be possiblgetwerate configurations with smaller
lattice spacings and quark masses, using more sophistit@i@ulations of lattice QCD. More
resources are needed to analyze such configurations thaméisecurrently being generated. In
addition, more realistic gauge configurations, coupleth\greater computing power for analysis,
will enable new calculations that could not previously belemaken. In drawing up the plans
presented in this proposal we have projected that analyisomtinue to require more computing
resources than lattice generation.

The computing cycles we receive from the LQCD dedicated aderp and from our current Incite

grant are heavily leveraged. As is discussed in Sedjone have long standing collaborations
with colleagues in the United Kingdom in our zero tempemstudies with DWF and improved
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staggered quarks, with colleagues in Ireland in our workhenhtadron spectrum, and with col-
leagues in Germany in our work on high temperature QCD. Asgme the computing cycles
contributed to our joint work by these collaborators, cedplith those from the Japanese funded
Riken Brookhaven Research Center (RBRC), the NationalggnResearch Scientific Comput-
ing Center (NERSC), the National Science Foundation (N8Bgscomputer centers, and, most
recently, the National Nuclear Security AdministratiorN8IA) BlueGene/L at Lawrence Liver-
more Laboratory (LLNL), roughly equal those provided by LRQ@nd the Incite Program. In
planning for the period 2010-2014 we have assumed that hpigitf of our computing cycles
will continue to come from these sources.

A total of 725 Tflop-YearsZ6] are needed to generate the zero temperature gauge cotitigara
enumerated in Sectia) half of which we plan to request on leadership class commput®e plan

to ask for an additional 160 Tflop-Years on these machinethéogeneration of light quark prop-
agators, bringing our total request for leadership classptding resources during the five year
period of the proposal to 500 Tflop-Years, as is indicatedabld8. As stated earlier, our major
analysis projects required approximately the same nunflogictes as generation of the gauge con-
figurations, so we request approximately 165 Tflop-Yearsashahted computers for this aspect of
our work, in addition to the 160 Tflop-Years for generatingukupropagators. The total resources
required for the thermodynamics projects described ini@eet2is 490 Tflop-Years. We plan to
use 165 Tflop-Years on dedicated computers for these psoj@ith the remainder coming from
other resources. Finally, we have budgeted a total of 85 T¥kgrs for exploratory projects and
algorithm development, bringing the total resources fradicated computers to 415 Tflop-Years.
In Table8 we set out the yearly usage of dedicated hardware and |Iéapletass computers over
the five years of the proposal. The dedicated hardware cacggrad with a fixed budget of $2.01
million per year.

Fiscal Year | Dedicated Hardware Leadership Class Machines
(Tflop-Years) (Tflop-Years)
2010 25 30
2011 45 50
2012 65 80
2013 110 135
2014 170 225

Table 8: Computing resources from the use of dedicated taaed{@olumn 2) and leadership class
computers (column 3) needed to carry out the scientific progget out in Sectiof by fiscal year.
Computing resources are given in sustained Tflop-Yez8s27].

3.1 Leadership Class Computers

We believe that the time we anticipate on leadership clasgaters is realistic. We have demon-
strated that our codes scale to thousands of processoresmrtitachines. Two examples are shown
in Fig. 15, where we plot the total performance of the conjugate gradaitines for Asqtad quarks
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Figure 15: Performance in teraflop/s of the MILC Asqtad iteeon the BlueGene/P (left panel)
and the Chroma anisotropic Clover inverter on the Cray X®adunction of the number of
processor cores. The red bursts are the benchmark data poohthe blue curves are straight lines
from the origin through the data points with the largest nandgf cores.

on the BlueGene/P and for anisotropic Clover quarks on tlag &4 in teraflop/s, as a function
of the number of cores. These are weak scaling tests in whechumber of lattice sites per core
is held fixed as the number of cores is increased. The redsbamstthe benchmark data points,
and the blue curves are straight lines drawn from the origiaugh the benchmark points with
the largest number of cores. The percentage of peak thdtrteisorresponds to is shown on the
figure. We are confident that scaling persists for far largenioers of cores than are shown in
Fig. 15. Fig. 16 demonstrates near perfect weak scaling for the conjugathiegrt routine of the
Wilson quark action through 131,072 cores, the full sizeheflitLNL BlueGene/L on which this
test was run. The software used in this test was a versiored€thumbia Physics System (CPS)
code optimized for the BlueGene/L by Pavlos Vran@d using native BlueGene communication
calls, which are being integrated into our production cddeshe BlueGene/P. It achieved 70.5
teraflop/s on the full machine, and led to a Gordon Bell Spéahievements Award.

Over the last few years members of USQCD have been allocpfdxamately 10% of the cycles
on the NERSC IBM SP, Seaborg, and approximately 15% of thiesya the first allocation of the
NERSC Cray XT4, Franklin. In the current year our collabmmahas an allocation through the
INCITE Program of 10 million core hours on the ORNL Cray XT3Maguar, which amounts to
approximately 10% of the available cycles, and we have stibda proposal to the Incite Program
seeking to obtain approximately 10% of the cycles on thedestdp class computers at ANL and
ORNL for 2008-2010. To see what this might mean in terms adrgdic output, we note that
the President’s FY 2008 budget calls for the installatioa édadership machine at ORNL with a
peak performance of 1,000 teraflop/s, and another at ANL avfibak performance of 250 to 500
teraflop/s by the end of FY 2008. Using the mid-point in thegeanf the ANL machine, there
would be 1,375 teraflop/s (peak) available for allocatioR¥h2009. Although we are aware that
the Office of Science has more ambitious plans for expandibpadership class facilities, we
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Figure 16: Performance in teraflop/s of the CPS Wilson imrest the BlueGene/L as a function
of the number of processor cores. The red bursts are the imemkldlata points, and the blue curves
are straight lines from the origin through the data pointh\iB1,072 cores.

make the conservative assumption that they will grow in edamece with Moore’s law between
FY 2010-2014. Our full configuration generation codes culyesustains 15% to 20% of peak
on these platforms. We believe that this performance wilinowe in the future, but use the lower
figure in the following estimates. Under these assumptionweald obtain a throughput from
leadership class machines of 30 Tflop-Years in FY-2010 grgwo 210 Tflop-Years in FY 2014.
We believe that our assumptions regarding the leadersags chachines are quite conservative. If
they increase in performance more rapidly than we have gexje or if we obtain more than 10%
of the time allocated on them, then our research will aca&dgoroportionately.

3.2 Dedicated Hardware

Our proposed process for the acquisition of dedicated hanel¥ollows that of the current LQCD

project. That is, each year we will acquire the hardware best advances our science. As
in LQCD, we propose to locate the hardware at BNL, FNAL and ABNOur estimates of the

price/performance of dedicated hardware is based on o@riexye with commodity clusters over
the last seven years. From 2001 through 2005, we acquireika séprototype clusters under our
SciDAC | grant. In doing so we demonstrated that by carefciigosing components to optimize
the performance of our codes, we could obtain highly costcéiffe computers for the study of

lattice QCD. Three of these clusters, with a combined thinpug of 1.65 teraflop/s are currently
being operated under LQCD. During the first two years of LQC®vave acquired three com-
modity clusters with Infiniband networks: the 6n and 7n dustocated at TINAF and the Kaon
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Figure 17: The price/performance in dollars per sustainédgvs of clusters built under the Sci-

DAC | Program and the Lattice QCD Computing Project as a fonatf time. The red diamonds

are the price/performance of individual clusters, and the bne is a least squares fit to all but the
earliest cluster point with the halving time of the pricefpemance fixed at 1.5 years.

cluster located at FNAL. These machines have a combinedghput of 6.14 teraflop/s. Since we
began acquiring clusters under the SciDAC | Program, thedefperformance has decreased in
accordance with Moore’s law with a halving time of 1.5 yeas,s illustrated in Figl7, where
we show the price/performance as a function of time on a log fdlhe latest point on this plot is
for the 7n cluster, and corresponds to a price/performah$6.d5 per sustained Mflop/s.

We have based our projections for dedicated computers aexperience with commodity clusters.
We assume that Moore’s law will continue to hold for clusterth gains coming primarily from
the increase in the number of cores per processor, rathertthieancrease in clock frequency. If
so, the price/performance will reach $0.15 per sustainedgvlin 2010 and $0.024 in 2014. Of
course the extrapolation to 2014 has considerable unogrtaitached to it. We have found that
the useful lifetime of a cluster is a minimum of three yearsjrs 2010 the clusters built under
LQCD in 2007-2009 will still be in service. We also assumet tie@ QCDOC will continue in
operation through 2011. Tab8%shows the computers that will be carried over from LQCD,rthei
location, throughput, and last expected year of operafldre JPsi cluster is to be built at FNAL
with combined LQCD hardware funds for 2008 and 2009.

The throughput for dedicated hardware in the second colunfatie 8 was obtained by adding
that of the machines in Tab8to the computers we expect to acquire under LQCD-ext witiptbe
posed hardware budget of $3.0 million per year, given oyeptimns regarding price/performance.
We again assume that the lifetime of the new computers wiltleast three years. Although these
projections are based on our experience with clusters, wiasize that in each procurement we
will obtain whatever hardware best advances our sciencst aduin the earlier LQCD project,
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Cluster | Location Throughput Final Year
(Sustained Tflop/s
n TINAF 3.0 2010
QCDOC| BNL 4.2 2011
JPsi FNAL 6.2 2011

Table 9: Computers operated under LQCD that will be carriest th LQCD-ext. The first column
gives the computer name, the second its location, the tisitdtial throughput, as measured by our
standard benchmarks, and the fourth the last year in whighlibe operated.

we expect that the most efficient dedicated resources fiocda®CD will be a mixture of cluster
hardware as discussed above and machines targeting féevorah performance through a greater
degree of custom-design. Such a machine, a possible futeneber of the BlueGene series, is
presently being designed by a collaboration of physicistSaumbia and Edinburgh supported
in part by the RBRC and working together with colleagues atlBM corporation. We expect
that the result of this effort will be a highly cost-effeaicomputer that will run lattice QCD very
efficiently. Given the direct participation of members ofr @ollaboration in this effort and the
long-term experience of BNL in supporting machines of tlug,swe anticipate that a portion of
the dedicated hardware funded through this proposal maydaeded in this way. The perfor-
mance figures in the second column of TaBléherefore represent a lower bound on what we
expect to achieve.

The proposed budget for LQCD Il is given in Tall®. The hardware budget is fixed at $2.01
million per year, so the increases in throughput for the chtdid hardware come entirely from
Moore’s law. The operations costs shown in the third colurhiiable 10 are overwhelmingly
salaries of laboratory staff, who will maintain the existimardware and conduct the procurement
of new hardware.

Fiscal Year | Hardware Budget Operations Budget Total Budget
2010 2.01 1.13 3.14
2011 2.01 1.33 3.34
2012 2.01 1.62 3.63
2013 2.01 1.37 3.38
2014 2.01 1.68 3.69
Totals 10.05 7.13 17.18

Table 10: Proposed budget for LQCD Il in millions of dollars.

4 The USQCD Collaboration

Two important functions of the USQCD Collaboration are tb sgentific goals for research in
lattice QCD in the United States, and to develop the comjmuiaktinfrastructure needed to reach
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these goals. Membership in USQCD is open to all physicistethan the United States, and
nearly all the high energy and nuclear physicists in the trgumorking on the numerical study
of QCD are members. Overall leadership of USQCD is vestedhenLiattice QCD Executive
Committee, whose members are the authors of this proposey flave been working together
since 1999 to organize the community, develop plans fontfrastructure, obtain funding to carry
out these plans and oversee the implementation of them. Xéeuive Committee has appointed
the Scientific Program Committee (SPC), which plays a majte in setting scientific priorities
and allocating USQCD resources, as is described in Subsettl. Members serve three year
terms. The current ones are Tom Blum (U. Connecticut), bawson (U. Virginia), Frithjof
Karsch (BNL), Andreas Kronfeld (FNAL, Chair), Colin Morrgstar (Carnegie Mellon U.), John
Negele (MIT), and Junko Shigemitsu (Ohio State). Additionformation regarding the USQCD
Collaboration can be found at its web ditip://www.usqgcd.org

Funding of computational infrastructure by the DOE overl#st seven years has played a critical
role in maintaining a strong research program in lattice Q&the United States. The SciDAC |
grant, which ran from 2001 to 2006, and the SciDAC Il grantjohbegan in 2006 and runs
through 2011 have supported the development of commurfityaiee, which is briefly described in
Subsectiod.3. As indicated in the previous section, the SciDAC | grantfeh the acquisition and
operation of prototype clusters in the period 2001-200@paate grant funded the construction
of the QCDOC in 2004-2005, and LQCD has funded the acqumsdfalusters and the operation
of all USQCD hardware since 2006.

4.1 Scientific Priorities and Hardware Allocation

The SPC plays the leading role in setting scientific priesititnd allocating USQCD computational
resources, activities which are closely intertwined. Gagear it issues a call for proposals for use
of USQCD’s dedicated computers. It also invites the autbbthe proposals to identify projects
that would be appropriate for the DOE’s leadership classprdars. Proposals are grouped into
three classes. Type A proposals are for investigations f ege scale, which will require a
substantial fraction of the available resources. Theyx@pe&ed to benefit the whole Collaboration
by producing data, such as gauge configurations or quarkagedprs, that can be used by all,
or by producing physics results listed among USQCD’s ggratgoals. Type B proposals are for
investigations of medium to large scale, which will requremaller amount of resources than Type
A ones. Type B proposal are not required to share data or tk teerards stated Collaboration
goals, although if they do, it is a plus. Such proposals magdentifically valuable even if not
closely aligned with USQCD goals. Type C proposals are f@iaatory calculations, such as
those needed to develop and/or benchmark code, acquirgisgpe the use of USQCD hardware,
or to perform investigations of limited scope. Whereas Tipend B proposals must be made in
writing in response to the SPC'’s yearly call for proposalgelC proposals can be made at any
time simply by contacting a designated person at the Labograthere the hardware ones wishes
to use is located. Type A projects that generate multi-pgemtata are candidates to be included in
proposals for time on leadership class machines if theipgments can demonstrate the need for
such resources and the ability to use them effectively.

After the Type A and B proposals are submitted, the SPC makeeleninary review of them,
and organizes the yearly All Hands meeting of the Collabonat Authors of the proposals are
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invited to present their plans, which are discussed by tHaGaration as a whole. Following that
discussion the Scientific Program Committee allocatestimeéSQCD resources, and transmits to
the Lattice QCD Executive Committee the priorities of thdl@woration for use of the leadership
class machines. It is the responsibility of the Executiven@uttee to submit proposals for the use
of these computers on behalf of the Collaboration. Thisgsesets the priorities of USQCD on a
yearly basis.

The process just outlined has a number of advantages. Rbga@orities are examined and, if
necessary, reordered on a yearly basis. The Executive Cteenaippoints members of the SPC
with the aim of assembling a highly respected group of latgauge theorists that is balanced
among the major research areas pursued by USQCD. The SPGnput from the community as
a whole, is thus in an excellent position to carry out its cesbilities. We believe that by setting
priorities and allocating resources with such broad comtyynarticipation, we will best advance
the science and make the most efficient use of the resouradalde to us. Although we believe
that it is important to apply for the large resources offdsgdhe Incite Program as a community
in order to build a coherent research effort, we also wargdawe room for innovative projects that
might not be central to the aims of USQCD at the moment. We treefore made it a point not
to apply for the smaller resources offered by NERSC or the BSB community, leaving such
proposals to individuals or groups within USQCD.

An important success of this broadly representative aflongprocess is the impact it has on
younger physicists. In order to obtain tenure track facptigitions and eventually be promoted to
tenure, they must gain visibility and demonstrate indepeaid. This can be difficult because most
lattice QCD calculations require large computational veses, which can be difficult for begin-
ning scientists to obtain at national centers. Members@&RC are able to realistically evaluate
the prospects of beginning lattice gauge theorists, andithee made a concerted effort to solicit
and fund proposals from younger members of the field. For pl@nduring the last USQCD al-
location process, three outstanding postdoctoral resesmsociates were awarded 6% of the total

resources on dedicated computers for their calculatiohe? —K° mixing parameteBk.

4.2 International Collaborations and Cooperation

Lattice QCD is an international field with very strong pragsain Germany, Italy, Japan, and the
United Kingdom, and excellent work being done in many otloamdries. A variety of quark ac-
tions are currently being used. In addition to the anisatr@pover, DWF and improved staggered
actions widely used in the US, overlap, twisted mass andadpit Clover actions are studied ex-
tensively in other countries. The use of different quarkoas serves a vital scientific purpose,
allowing for studies of the effectiveness different actidor different problems, and for cross-
checks of important results.

Groups within USQCD have formed collaborations with calieas in other countries who share
physics objectives and make use of the same actions. Folmesé tcollaborations are partic-
ularly noteworthy. The present USQCD effort using DWF qugaik explicitly an international

effort begun with equal participation by the United Statesddl RBC collaboration and Edin-
burgh/Southampton/Swansea members of the UKQCD colléboraDuring the past year this
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activity has expanded to include the LHPC group in the US. Fé&enilab Lattice, HPQCD and
MILC Collaborations have worked together in various cornaltions to study heavy quark physics
using improved staggered quarks. HPQCD includes physicigioth USQCD and UKQCD. The
members of the RBC Collaboration studying QCD thermodyamsing the P4 staggered quark
action have a a long term collaboration with physicists atlthmiversity of Bielefeld, Germany.
The effort to understand the hadron spectrum using Clovarkgon anisotropic lattices has close
ties with the Trinity College Dublin group. In addition toetin scientific work, our international
collaborators have made major contributions to the deveéoy of algorithms and software, and
have provided very significant computational resourceleqdint efforts.

USQCD plays an active role in the International Data Grid(@) with four members on the ILDG
Metadata and Middleware Working groups, who co-ordinaadards with the USQCD Software
Committee. The ILDG provides the means for sharing gaugéigumations and quark propaga-
tors on an even wider international level. The ILDG has dagvetl standards for file format and
content, and the middleware needed to archive and retriege Further information regarding the
ILDG can be found ahttp://www.usqgcd.org/ildgSharing of these valuable data sets enables the
international lattice QCD community to maximize the sceeftccan produce from the computa-
tional resources available. USQCD unquestionably gagrsfsgantly from its participation in this
effort.

The resources we request are based on the requirementsrestach program set out in Sec-
tion 2. However, it may help to put them in perspective by compaduagcurrent resources with
those available for the study of lattice QCD in other cowstriwWe do this in Tablél, where we
show estimates of the computing resources available fosttiay of lattice QCD in the countries
that are major participants in the field, as of October, 200fe estimates for other countries
were obtained by making inquiries of senior physicists ioheaf them, and translating their re-
sponses into our standard measure, the average of thensaksf@rformance of the routines for
computing DWF and Asqtad quark propagators. Approximabelg-third of the United States
resources labeled National Centers come from an alloc&titime USQCD Collaboration by the
DOE’s INCITE Program, while the remainder comes from altaues to individuals or groups by
NSF Centers and NERSC. Three computers located in the USitads, but also not allocated
by the USQCD Collaboration, are not shown in the table. Orse@CDOC located at the Riken
Brookhaven Research Center, which was funded by the Rikaidte of Japan, and is used by
the RBC Collaboration. The second is the NNSA BlueGene/htled at Lawrence Livermore Na-
tional Laboratory, which is being used by the HotQCD and NPQ@Gllaborations, and the third
is the BlueGene/L, New York Blue, which is being accessedhysjeists at Columbia and BNL
in its early user period. It is clear that without LQCD the téwi States would have been very
hard pressed to maintain a world class research progrartticel®@CD. Physicists in other coun-
tries also recognize the scientific opportunities in l@tg@CD that will be available over the next
several years, and are moving aggressively to obtain th@etng resources necessary to capital-
ize on them. They are seeking resources similar to those amope, and it is our understanding
that major upgrades to those listed in Tablehave been, or are about to be approved. Thus, for
US physicists to effectively collaborate in this rapidlywdBping international environment, it is
important that we have access to resources of the scalesgdpere.
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Country Sustained Teraflop/s
Germany 10-15
Italy 5
Japan 14-18
United Kingdom 4-5
Unites States
LQCD Project 12
National Centers 3
US Total 15

Table 11: Computing resources in sustained teraflop/s atdohto be available for the study of
Lattice QCD in various countries, as of October, 2007.

4.3 SciDAC Software

Under our SciDAC | and SciDAC Il grants we have developedvearfé that enables us to write
highly efficient and portable codes for the study of lattic8 Under SciDAC | a QCD Appli-
cations Programming Interface (QCD API) was created withdbsign goals of enabling users
to quickly adapt codes to new architectures, easily devedpapplications and incorporate new
algorithms, and preserve their large investment in exgstodes.

The QCD API has a layered structure which is implemented ietaosindependent libraries.
Level 1 provides the code that controls communications (Q&fel the basic linear algebra rou-
tines that run on individual compute cores (QLA). To obtaighhefficiency much of this layer
may have to be written in hardware specific assembly langaadr make use of low level com-
munications calls. However versions exist in C and C++ usiiiyj for transparent portability of
all application codes. Level 2 (QDP) contains data paralp&rations that are built on QMP and
QLA. QDP allows extensive overlapping of communication aodhputation in a single line of
code. By making use of the QMP and QLA layers, the details afroonications buffers, syn-
chronization barriers, vectorization over multiple siveseach node, etc. are hidden from the user.
Both C and C++ versions of QDP are in use. A very large fractibthe resources in any lattice
QCD simulation go into a few computationally intensive sadimes, most notably the repeated
inversion of the Dirac operator, a large sparse matrix. Taiolthe level of efficiency at which
we aim, it is necessary to optimize these subroutines fon eachitecture. Level 3 codes have
been written in assembly language for the PowerPC procgssed in the QCDOC and BlueGene
computers, and with SSE instructions for AMD and Intel pssmes used in our clusters and in the
Cray XT4. An 1/O library (QIO) that adheres to the ILDG file stiards enables parallel I/O and
sharing of large data sets among members of USQCD and witimtdational community via
the ILDG.

Under SciDAC Il the QCD API is being used to enhance the peréorce of the two pre-existing
publicly available codes written by members of USQCD: théu@ia Physics System (CPS) and
the MILC codes. It is also being used to extend a third pupbsfailable code, CHROMA, which
was written entirely under the C++ version of the QCD API dgrSciDAC I. In addition, the
QCD API is being optimized for BlueGene and Cray supercoemgytand for clusters based on
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multi-core processors. A QCD physics toolbox is being careseéd which will contain sharable
software building blocks for inclusion in application cagperformance analysis and visualization
tools, and software for automation of physics work flow.

The software created under the SciDAC grants has greatlgreeid the effectiveness with which
we are using the hardware resources available to us, anaavitinue to do so as more of the
SciDAC Il initiatives are completed. All of the software @doped under the SciDAC grants is
publicly available, and can be foundtatp://usqgcd.jlab.org/usqcd-software

5 Role of the Laboratories

The three participating laboratories, BNL, FNAL and TINA&ye played a critical role in LQCD,
and will do so again in LQCD-ext. They make available the @unding staff who evaluate, pro-
cure and operate the dedicated hardware. They also proxiégtonal user support. It would be
very difficult, if notimpossible, for us to obtain the ser@gcof such talented staff on our own. This
approach is also highly cost effective, as our operatiomtgbtis only charged for the staff hours
actually devoted to our effort. The laboratories also ptegpace, air conditioning and electricity
for the hardware from their base budgets. FNAL and TINAF gs/access to their archival storage
systems, with our only charge being for the tapes. We alseftidrom the laboratories’ excellent
networking infrastructure and their computer securitygoams. We believe that these crucial con-
tributions are only possible because three laboratoreegaolved. If the hardware were located at
a single site, then we would very likely become a significaairdon that laboratory’s resources,
rather than the small perturbation we presently are.

All three laboratories have indicated that they will regiaads from the DOE to purchase dedi-
cated hardware for lattice QCD only through the nationaréfet out in this proposal. In LQCD,
FNAL and TINAF have acquired and operated highly cost effectommodity clusters for our
community, and propose to continue to do so in LQCD-ext. BNk bperated the QCDOC for
us, and will continue to do so through 2011. The hardwarerésts and expertise at BNL are
now focused on the BlueGene line of supercomputers, andidne/ proposed to procure and sup-
port BlueGene hardware for us. Again, in any given year wéauaifjuire the hardware that best
advances our science.

The contributions of the laboratories go well beyond prioviof staff and physical infrastructure.
Each of them has an outstanding lattice QCD group. Among thieenthree laboratory groups
cover the major areas of research set out in Se@iorhey serve as intellectual centers for work
in these areas. A particularly important role of the labamaigroups is to stimulate interactions
between members of the lattice QCD community and experiatistg. Indeed, the committee that
reviewed LQCD in the spring of 2007 stated in its report tf@britact with experiment is strong,
partly because lattice QCD has computational and humanuess spread over three national
laboratories” Some recent highlights are as follows. TBaBar/Lattice QCD Workshgpvhich
took place at SLAC on September 16, 2006, brought togethenbaes of USQCD working on
the calculation of weak interaction matrix element with nibems of the BaBar experiment. It
was so successful that a second workshagtice QCD Meets Experiment 200¥as organized at
FNAL on December 10-11, 2007. It was expanded to include raxgatalists from Babar, CDF,
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CLEO-c, and DO. A series of workshops has been held at BNLitmtiogether experimentalists
working at RHIC and those studying QCD thermodynamics onldktece. The latest of these
was titledCan We Discover the QCD Ciritical Point at RHI@hich took place on March 9-10,
2006. The next ondJnderstanding QGP through Spectral Functions and Euclid€arrelators

is scheduled to take place at BNL on April 23-25, 2008. It wél followed by one titlecCritical
Point and Onset of Deconfinemestheduled for March 16—20, 2009 in conjunction with a p&hn
low-energy scan at RHIC in FY 2010 to search for this critpaiint. In the area of hadronic and
nuclear physics, the workshop @ynergy Between Experiment and Lattice QCD in Exploring
Hadron Structurewas held at the Institute for Nuclear Theory on April 24-280@ with joint
sponsorship by INT and TINAF, and organizational work by iibers of USQCD. Furthermore,
TJINAF members of USQCD are particularly active in intemragtwith experimentalists, and are
even involved in planning experiments.

6 Management Plan

The 2007 LQCD Computing Project Review Report stated thhg“organizational structure ap-
pears to be optimal in providing a platform for large-scatemputing to the US lattice QCD com-
munity! We agree, and therefore propose that the managementwstuaiw in place for LQCD
be used for LQCD-ext. William Boroski (FNAL), the Project kiager, has overall responsibility
for the effort. He is responsible for assuring that the proig well defined via a work breakdown
structure and well tracked via milestones. He is the keyfiate to the DOE for financial matters,
reporting and reviews. He is assisted by the Associate@&trbjanager, Bakul Banerjee (FNAL).
She is responsible for maintaining the work breakdown stirecand other controlled documents.
She also tracks expenditures and progress in achievingtonles. Each participating laboratory
has a Site Manager: Eric Blum at BNL, Donald Holmgren and Ajfsingh at FNAL, and Chip
Watson at TINAF. The Site Managers are responsible for ramlgelection, procurement, de-
ployment and operation at their sites consistent with threral/plan. They are also responsible
for site operations and user support. The Chair of the LQCEcktive Committee, Robert Sugar,
serves as the Scientific Spokesperson for the effort. Heeiptimcipal point of contact with the
DOE on scientific matters, and liaison between the Exec@o@mittee and the Project Manager,
relating the Executive Committee’s priorities to the Pebjglanager, and the Program Manager’s
progress reports to the Executive Committee. The Projectader, Associate Project Manager,
Site Managers and Scientific Spokesperson meet approXynmeatery other week by conference
call to discuss major issues.

The Change Control Board (CCB) evaluates the feasibilagt @and impact of proposed changes
to the project which result in more than a minimal cost or st change. Its role is to assure
that proposed changes are managed with the primary focuseoadvancement of the scientific
goals of the project. The members are the Project ManageiChiair of the LQCD Executive
Committee, who serves as chair of the CCB, the FNAL Compudingsion Head, Victoria White,
the TINAF Chief Information Officer, Roy Whitney, the BNL ormation Technology Division
Director, Tom Schlagel, and a member of the USQCD Collabmregelected by the Executive
Committee, Steven Gottlieb.
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Appendix

Revision history. This document differs from the versiobmitted in January, 2008 in the fol-
lowing ways. The project names LQCD and LQCD-ext for the ioagproject and its extension
have replaced the names LQCD-I and LQCD-II that were useldr2008 proposal. The budget
numbers used in Table 10, in the paragraph preceeding Tapéad in the Introduction have been
revised to reflect current anticipations. The anticipatedichated hardware in Table 8 has been
revised to reflect these budget numbers, and the paragrapbeating Table 8 has been revised
accordingly.
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